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Improved Sensitivity and Specificity for Detection of Prostate
PC031042
HSRRB Log No. A-12577

Introduction

The goal of this proposal is to diagnose prostate cancer more effectively using various magnetic
resonance imaging techniques available with the ultimate goal of providing information with
high specificity for either treatment planning purposes or patient management. To achieve this
goal we would like to address the following two specific aims.

Specific Aim 1: To estimate the efficacy of image morphing and fusion techniques required
providing appropriate distortion corrections on prostate images obtained from an endorectal coil
for a more accurate assessment of the correlation between MRI/MRSI and histopathology.

Specific Aim 2: The development of a tumor index based on individual MRI/MRSI
characteristics through correlation with step-section histology for a more accurate determination
of the tumor extent and aggressiveness.

Body

Overall Status of the Project:

The goal of the study is to diagnose prostate cancer more effectively using various MRI
techniques, with the ultimate goal of providing information with high specificity for either
treatment planning purposes or patient management. The study was approved to enroll forty-six
(40) participants. A total of twenty five participants were enrolled in this study from whom the
complete MRI and histopathology information was obtained. The study is currently closed for
recruiting new patients. The complete analysis of the data is near complete. However, several
national and international presentations have been made with partial data with very encouraging
results. In summary, results indicate that MR spectroscopy adds significantly to the data
followed by diffusion-weighted imaging and kinetic parameters from perfusion-weighted
imaging. In particular, perfusion-weighted imaging seems to be extremely sensitive with high
Gleason scores compared to lower Gleason scores. T2-maps did not add additional information
compared to T2-weighted imaging. Two manuscripts are under preparation. The first one is a
review manuscript which presents radiology-pathology correlation using the data obtained from
this study. The second manuscript is regarding the sensitivity and specificity improvements from
the multi-parametric imaging study in the detection of prostate cancer. One manuscript
regarding elastic registration of prostate images was recently accepted for publication in Journal
of Digital Imaging. Future research studies from our group will use the information gained from
this study to optimize radiation treatment protocols.

Brief Overview

Four imaging techniques, namely perfusion, diffusion, T2-mapping, and proton spectroscopy
along with the normal T1 & T2 techniques were assessed on 25 patients that had opted for
radical prostatectomy as part of their clinical work up. The subjects had an MRI scan using the
above techniques prior to prostatectomy. The resected prostate was captured after surgery and
MR imaging was performed at high-resolution prior to step-sectioning. Each of the ex vivo



prostates underwent 3 mm step sections using the prostate slicer which were then processed for
H&E. The pathologist marked the regions of cancer on each of the slides including the Gleason
score. Registration algorithms were employed to match the histology slides to the in vivo
images. To overcome problems associated with tissue deformation, the ex vivo images were
used to assist in accurate registration of the in vivo images to the histology slides. Each slice in
the T2-weighted prostate image was divided into eight octants. These octants were transferred to
the parametric images including T2-map, apparent diffusion coefficient map, Krrans map, and the
spectroscopic map of (choline+creatine)/citrate. From each of these octants, the specific
parameteric values were extracted. While data analysis is ongoing on this project, we have
results from 14 patients on whom the data is completely processed. Histology results were
dichotomized at Gleason score of 5 & 6 and logistic regression was performed based on each of
the individual techniques. Receiver operating characteristic (ROC) based analysis to compute
the sensitivity, specificity, positive and negative predictive values and detection accuracy of each
of the imaging techniques. Overall accuracy increased from 55% to 80% for the combined use
of the information from all techniques compared to the radiologist reading from conventional
MR alone (T1 and T2-weighted imaging). At high specificity spectroscopy and perfusion
contributed to the overall accuracy. At moderate specificity spectroscopy and diffusion
contributed to the overall accuracy. For the combined model we achieved a 60% sensitivity
compared to histopathology at 80% specificity whereas the individual techniques had much
lower sensitivities with spectroscopy providing the highest sensitivity. A high correlation
(r=0.39; p< 0.0001) of spectroscopic scores was observed with pathologist findings. Given the
strength of these results we do not anticipate changes to the general trend in the data once all the
data is processed. We are currently in the process of completing the data analysis and two
manuscripts, one that provides the scientific information from this study and the second that
provides a review of radiology pathology correlation are under preparation.

Key Research Accomplishments
To date we have been able to do the following:

1. Build a prostate phantom for validating all registration and deformation correction
algorithm.

2. Explore and quantify the performance of novel methods of elastic registration including
strain energy minimization and landmark based techniques. One manuscript accepted.

3. Develop a prostate slicer to obtain precise parallel axial cuts of the excised prostate prior

to histopathological evaluation.

Implement all the tools necessary for the data analysis of the prostate imaging data.

Validate the tools on excised prostate samples available from the pathology department.

Presented several papers at scientific meetings (attached).

Two manuscripts under preparation: (1) Sensitivity & Specificity Improvements in

Prostate Cancer through multi-parametric imaging; (2) Radiology — Pathology correlation

using Advanced MR imaging of the Prostate..

N we

Reportable Outcomes

Our research to date indicates that MR spectroscopy, diffusion-weighted imaging and perfusion
weighted imaging add significantly to the overall sensitivity and specificity of prostate cancer



detection compared to conventional MRI alone. Our results also indicate that T2-maps do not
add any additional value to the current practice of using T1 and T2-weighted imaging alone.
Other outcome of our research is the development of a robust registration algorithm that is not
just applicable to prostate MRI but is easily extendable to other imaging modalities that require
such registration. In the future, we will be extending this technique for use in TRUS procedures
in a manner that biopsies can be targeted through both ultrasound and MR image guidance.

Conclusions

Our study clearly indicates that advanced imaging techniques are extremely useful in increasing
the sensitivity and specificity of detecting prostate cancer. Future prostate cancer patients,
especially those who are watchful waiting should clearly benefit from these imaging techniques.



APPENDIX

List of presentations and publications attached:

1.

*

Manuscript of invited talk on ‘MRS of Prostate Diseases’ at the International
Society of Magnetic Resonance in Medicine’ at Seattle, 2006

Presentation slides from the same meeting.

Elastic registration algorithm presented at the Annual Meeting of the International
Society for Magnetic Resonance in Medicine, in Berlin, 2007.

Presentation of the scientific outcome of the study at the Radiological Society of
North America, 2007.

Power point presentation of the scientific outcome of the study at the Annual
Meeting of the International Society for Magnetic Resonance in Medicine,
Toronto, CA 2008.

Presentation of the study at the World Congress of Endourology in Cancun,
Mexico, 2007.

Letter of acceptance of manuscript regarding Elastic registration from the editor
of Journal of Digital Imaging along with the manuscript.

Educational presentation of Radiology-Pathology correlation during RSNA 2007.
Presentation of the study on Landmark based registration using incompressible
large deformation diffeomorphism at the Annual Meeting of the International
Society for Magnetic Resonance in Medicine, Honolulu, HI, 2009.



MRS of Prostate Diseases
Rao P. Gullapalli, Ph.D.
Department of Radiology,
University of Maryland School of Medicine
Baltimore, MD. USA

According to the American Cancer Society, an estimated 234,460 new cases of prostate
cancer (PCa) will occur and that there will be an estimated 27,350 deaths due to prostate cancer in
the US during 2006 (1,2). The report also suggests that African American men are twice as
vulnerable to prostate cancer compared to white men. Although the death rate has dropped over
the last few yearsit still remains the second leading cause of cancer deaths among men after lung
cancer in the United States. The ACS recommends that the PSA test and the digital rectal
examination should be offered annually, beginning at age 50, to men who have alife expectancy of
at least 10 years and those men that are at higher risk (African American men and those men with a
strong family history of 1 or more first-degree relatives diagnosed with prostate cancer at an early
age). The survival and successful treatment of PCa patients is dependent upon the early diagnosis
of PCa. Further, the ability to monitor the progression and regression of malignancy iscritical in
the management of the disease. Currently the combination of digital rectal examination and
prostate-specific antigen (PSA) testing is the primary diagnostic procedure. Typically, an elevated
PSA or anodule detected on physical examination prompts an evaluation and an eventual
transrectal ultrasound-guided (TRUS) biopsy may reveal cancer. However in most cases, positive
identification of PCa only becomes evident when malignancy has been established and the cancer
has metastasized beyond the capsular region of the prostate. MRI in conjunction with endorectal
coil provides superior visualization of zonal prostate anatomy compared to TRUS (3). MRI by
itself can however be limited as various pathol ogies can mimic cancer thus compromising the
diagnosis. In recent years, magnetic resonance spectroscopy of the prostate has shown to provide
very useful metabolic information of the prostate. The combined used of MRI and MRSI has
shown to increase the sensitivity and specificity in the detection of prostate cancer (4).

Citrate Metabolism

The metabolism of normal mammalian cells involves the complete oxidation of glucose
and fat through the intermediary stepsinvolving the synthesis and oxidation of citrate viathe
Krebs cycle (5). Coupled with phosphorylation, thisintermediary synthesis and oxidation of
citrate is essential for the cells to generate their major supply of cellular energy through the
production of ATP. The citrate synthesized during this process in the Krebs cycle forms the source
for acetyl-CoA required for lipogenesis. The Krebs cycle and the recycling of itsintermediates are
essential for the various reactions of amino acid metabolism. These established pathways are
essential to norma mammalian aerobic cell metabolism, cellular function, survival, growth, and
reproduction (6). The normal human prostate on the other hand does not go through the process of
citrate oxidation thus accumulating large amounts of citrate which essentialy is the end product of
the intermediary metabolism. Cooper and Imfeld were the first to report that citrate levels were
significantly decreased in prostate cancer tissue compared to the normal prostate or BPH (7).
Shortly thereafter the same group suggested that the biochemical aterations seen through altered
citrate metabolism may well occur before any malignant changes are histologically obvious (8).
While these observations were made over four decades ago, it isonly in the last decade that



scientists have been paying attention to the measurement of citrate levels within the prostate. The
altered citrate metabolism has now been further studied by Costello, Franklin and their colleagues
who have shed some light on the role of zinc in the production of citrate (9,10).

In addition to citrate, the normal and BPH prostate al so accumulates high levels of zinc.
Thelevel of zinc in the normal prostate is about 150ug/g of tissue wet weight. However, the levels
of zinc and citrate are not uniformly distributed throughout the prostate gland. For examplein the
normal peripheral zone there is high level of zinc concomitant with high levels of citrate. In the
normal central gland, the levels of zinc
and citrate are at alower concentration
Normal (mixed tissue) 8,000 209 (11). Table 1 lists the concentrations of
citrate and zinc in different regions of the
prostate in its different pathological

Tablel Citrate, nmole/g | Zinc pug/g

Normal (central zone) 4,000

Normal (peripheral zone) | 13,000 - condition. It isthought that in the
presence of zinc, the mitochondrial

BPH 8,000-15000 | 589 aconitase activity that is responsible for

PCa (mixed tissue) 1,000-2,000 55 citrate oxidation is severely limited in the

normal prostate epithelial cells, which
PCa (malignant tissue) 500 - ultimately leads to the accumul ation of
citrate. The accumulation of citrate comes

Stromal tissue 150-300 at the cost of ATP production whichis
Other soft tissue 150-450 30 reduced by about 65% in the normal
prostate epithelial cells (14 molesof ATP)
Blood Plasma 90-110 1 compared to other normal mammalian
Prostatic fluid 40,000-150,000 | 590 cells (38 moles of ATP) that completely

oxidize glucose.

In prostate cancer however, the ability of intramitochondrial accumulation of zinc
diminishes. It isthought that such a decrease in the zinc level restores the m-aconitase activity that
leads to increased citrate oxidation. Thisis coupled with ATP production essential for progression
towards malignancy (10,12,13). While many aspects of the zinc-citrate relationship are still under
investigation, there is ample evidence suggesting that zinc-citrate interactions play an important
role in the pathogenesis and progression of prostate malignancy.

Magnetic Resonance Imaging

Recent studies show that the combined use of an endorectal and phased-array coil and a
high field strength MR imaging system provides the highest image resolution possible (3). MR
imaging accurately depictsinternal prostatic zonal anatomy and displays the physiologic
complexity of the gland. Over the past several years, the superiority of MRI in the staging
accuracy of cancer involving the peripheral zone has been consistently reported between 75% and
90 (4). Most prostate cancer involves the peripheral zone of the gland, where cancer isidentified
as low signal abnormality on T2-weighted imaging. Although MRI has allowed intra-prostatic
evaluation of tumor location, results are often non-specific (14). Torricelli et al showed that cancer



could mimic post-biopsy hemorrhage, scar, prostatitis, or interglandular dysplasiaon MR imaging
of the prostate with specificity in the order of 50% (15).

Magnetic Resonance Spectroscopy

MRSI is apowerful tool that can provide useful biological information associated with
many different metabolites (16). Proton (‘H) spectroscopy is attractive in terms of sensitivity,
gpatial resolution, signal to noise, and acquisition time. It has been widely used in the brain and its
application and availability for imaging various anatomical regions of body has been increasing.
MRS can provide a description of the chemical makeup of an imaged areain order to determine
the presence of cancer (17). Molecules that can be studied with MRS include water, lipids, choline,
citrate, lactate, creatine, and amino acids (16). Based on theinitial work by Costello and Franklin
at the University of Maryland, the prostate gland is unique in the body by the fact that it contains
high levels of citrate (18). Asthe normal glandular epithelial cells are replaced by cancer, the
concentration of citrate and choline change in the transformation to a malignant state. Choline
levelsincrease and citrate levels decrease in the presence of active cancer (5). As mentioned
above, the reason for the declinein the levels of citrate is the altered intermediate metabolism in
the Krebs cycle (6). Although the mechanism for the elevation of the choline peaksisless
understood, just asin the case of brain spectroscopy, its elevation is thought to be associated with
changes in cell membrane synthesis and degradation that is normally associated with cancer. The
choline resonance observed in-vivo at 3.22 ppm, sometimes referred to as total choline arises from
the methyl hydrogens of trimethylamines and is comprised of choline, phosphocholine (PC),
glycerophosphocholine (GPC), phosphoethanolamine (PE), glycero-phosphoethanolamine (GPE),
and ethanolamine (19-23). These compounds are essential in the synthesis and hydrolysis of
phosphatidylcholine and phosphatidylethanolamines that are an integral part of the characteristic
bilayer structure of cells and regulate membrane integrity and function. Polyamines such as
spermine can be visualized in prostate MRSI (24). Polyamines are involved in many cellular
processes such as maintenance of DNA structure, RNA processing, translation and protein
activation (25,26). Disruption to the synthesis of polyamines is known to modulate the genetic
effects of these genes. Polyamines can be visualized in proton MRS| as a broad peak between
choline and creatine. Normal prostate epithelial cells will demonstrate large amounts of citrate and
polyamines. The malignant cells on the other hand exhibit low levels of citrate and polyaminesto
the extent that the choline and creatine resonances are resolved to the baseline. One unfortunate
consequence of prostate MRSI is the inability to monitor metabolites such as lactate and lipidsin
Vvivo due to the necessity for suppressing lipids to minimize contamination from the lipids
surrounding the prostate gland. It has been shown in vitro that the citrate to lactate ratio can be
used to discriminate prostate cancer from BPH and that the ratio can be used as an indicator of
cancer aggressiveness (8). It ishoped that future MRSI improvements will alow for the
interrogation of these metabolites.

MRSI Techniques

Although significant developments have been made with MRSI of the brain, the trandation
of this technology to other body parts including the prostate gland has proven to be far from trivial.
In the case of the prostate gland, the deep location of the prostate, the possible movement of the
prostate gland during the MRSI acquisition, and the dominating triglyceride signals from the



surrounding adipose tissues often pose a challenge in obtaining reliable quality spectra. Initial
studies employing prostate spectroscopy used single voxel techniques such as STEAM (Stimulated
Echo Acquisition Method) and PRESS (Point Resolved Spectroscopy) using the body coil (27-30).
Usually the voxel size was large and encompassed both the peripheral zone and the central gland.
Although these techniques showed the feasibility for performing proton spectroscopy, their use in
the clinical setting was limited due to long scan times and the poor signal to noise of the spectra.
However, with the arrival of 2D and 3D MRSI techniques the interest in prostate spectroscopy has
increased (31-34). Several technical hurdles had to be overcome to reliably detect the resonances
from the biological relevant compounds in the prostate including accurate localization and the
suppression of large signals from both water and lipids (35-38).

3D-MRSI technique appears to be the most suitable for the prostate gland asit isableto
provide the prostate metabolite level information with high spatial resolution for the entire gland.
Typicaly PRESS localization and band selective excitation with gradient dephasing (BASING) for
water and lipid suppression is used (35). 3D-MRSI provides an array of spectrafrom contiguous
voxels from the entire prostate gland. The contiguous array of spectrathat map the entire prostate
are in alignment with the anatomical T1- and T2-weighted images allowing for a comparative
interpretation between the anatomical images and the metabolic information. Investigators at the
University of California San Francisco (UCSF) showed that 3D-MRSI can be used to differentiate
and localize the tumor foci to avolume as small as 0.24cc (39-43). Similar results have been
reported by the group in the University of Nijmegen, Netherlands who further refined the 3D-
MRSI technique by using elliptical encoding to further reduce the scan time (44-46).

Interpretation resulting from a combined evaluation of the MR images and by metabolic
changes observed through MRSI |eads to the most confident identification of cancer with a
specificity of up to 98% (42). Decreased signal intensity on T2-weighted images in conjunction
with decreasing levels of citrate and polyamines and a concomitant increase in the levels of choline
increases the specificity in the diagnosis of prostate cancer. Hence an increased choline to citrate
ratio is usually used as a method for depicting prostate cancer. Since the choline and creatine
resonances are inseparable for quantification purposes, most investigators use
[CholinetCreatine]/Citrate (CC/C) for spectral analysis. A standardized scoring method was
developed by Jung et a which is based on the deviation of the CC/C ratio from its normal value of
0.22+0.013. A voxel CC/C value within one standard deviation of this normal value was given a
score of 1, avalue between 1 and 2 standard deviations was given a score of 2, a value between 2
and 3 standard deviations was given a score of 3, avalue between 3 and 4 standard deviations was
given ascore of 4, and avalue greater than 4 standard deviations was assigned a score of 5.
Additional adjustments were made to the score to account for the elevation of choline over
creatine, reduced polyamines, and poor signal to noise rations. In these way each voxel obtained a
score between 1 and 5 which was designated to an interpretative scale of likely benign, probably
benign, equivocal, probably malignant and likely malignant corresponding to avoxel score from 1-
5 respectively. Using this standardized five-point scale they were able to show good accuracy and
excellent interobserver agreement. It should be noted that 3D-MRSI produces vast amounts of
spectroscopic data and a standardized scale such as the one developed by Jung et a islikely to
make the task of spectral interpretation less formidable (47). Such standardized scales will allow
one to easily characterize the tumors aggressiveness and spatial extent.



The combination of MRI and MRSI in conjunction with the endorectal and phased-array
body cail is emerging as the most sensitive tool for anatomic and metabolic evaluation of the
prostate gland (4,48,49). Improvements in pulse sequences and MR technology have enabled the
acquisition of the metabolic information from the entire prostate at high resolution within a
reasonable time of ten minutes or less. Proton MRI/MRSI may be of great value for patients who
are at increased risk for prostate cancer, for patients who have chosen watchful waiting, for
longitudinal follow up from therapy, and in guiding various localized therapeutic treatments (50-
52). MRI/MRSI of the prostate gland islikely to benefit from the recent trend towards ultra-high
field magnet systems and emergence of multi-channel parallel imaging (53-55). Further newer
techniques such as diffusion and perfusion are likely to increase the sensitivity and specificity of
prostate cancer detection and characterization (56-64).
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Prostate Cancer - Prevelance

= American Cancer Society estimates 234,460 new
cases of prostate cancer (PCa) in 2006.

= \With the aging of the baby boomers this number is
estimated to increase to 450,000 by year 2015.

= Estimate of 27,350 deaths in 2006 due to PCa.

= African American men are twice as vulnerable
compared to caucasian men.

= Second leading cause of cancer among men after
lung cancer.



Prostate Cancer - Diagnosis

= Combination of digital rectal examination
and prostate-specific antigen(PSA) Is the
primary diagnostic procedure.

= Elevated PSA or a nodule detected during
physical examination may eventually prompt
an transrectal ultrasound-guided (TRUS)
blopsy.

= Often negative biopsies occur due to sampling
errors despite a rise in PSA levels.

= Thus better imaging of the cancer for guiding
biopsies and staging cancer are needed.
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Prostate Cancer - MRI
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Prostate Cancer - MRI

* Multi-planar high-resolution T2 weighted images are acquired through the
prostate and surrounding structures in order to assess the location,
spatial extent and spread of prostate cancer. Cancer region is typically
seen as a hypointense region within the gland.

* T1-weighted images are acquired through the prostate and pelvis in order
to assess the presence of post-biopsy hemorrhage within the prostate

and metastases to pelvic bone and lymph nodes.
Courtesy: John Kurhanewicz, Ph.D. UCSF
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Prostate Cancer - MRI

MRI alone has good accuracy in
detecting seminal vesicle invasion
(96%0).

Assessment of spread through the
capsule is more difficult
(accuracy - 81%), and is getting
harder with fewer men
demonstrating gross ECE at

diagnosis

High Resolution MRI has
demonstrated good sensitivity
(79%) but low specificity (55%)
in determining tumor location
due to a large number of false
positives.

Courtesy: John Kurhanewicz, Ph.D. UCSF



==:VMIR| Lacks Specificity for Localizing
S4iCancer within the Prostate

3D-MRSI Adds Specificity

High Resolution MRI has demonstrated good
sensitivity (79%) but low specificity (55%) in
determining tumor location due to a large number of
false positives.
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Prostate Magnetic Resonance Spectroscopy

= Qver a decade ago It was shown that proton NMR
spectra of extracts contained signals from many
metabolites including citrate, choline and creatine.

= Further it was shown that the signal from citrate
may be reduced and that signals from choline
compounds increase in PCa suggesting the
possibility of differentiating between benign and
cancerous tissues.

= Although spectra were obtained in vivo prior to the
advent of endorectal coil, it is their arrival that
made detection of prostate metabolites with good
signal to noise over a reasonable scan time.
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Table 1. Representative Citrate Levels in the Human Prostatg
nmol/gm(from Costello et al)’

Normal Central Zone 5,000
Normal Peripheral Zone 13,000
BPH (mixed tissue) 10,000-15,000
BPH (glandular tissue) 20,000-50,000
PCa (mixed tissue) 1,000-3,000
Malignant tissue <500
Stromal tissue 150-300
Other Soft tissues 150-450
Blood plasma 90-110
Prostatic fluid 40,000-150,000

Costello, Franklin, & Narayan, Prostate 1999
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Z1inc-Citrate Connection

= The zinc and citrate relationships are associated with the
secretory epithelial cell component of the prostate gland

= In humans, high zinc and high citrate levels are
associated with the lateral lobe of the peripheral zone,
whereas low zinc and low citrate levels are associated

with the central zone.

= High zinc levels inhibit citrate oxidation and increase
citrate levels in prostate cells.

Costello & Franklin, Prostate35:286-296, 1998



Z1inc-Citrate Connection

= Zinc and citrate levels are uniquely high in normal
human prostate and in BPH

= Zinc and citrate levels are markedly decreased in PCa

= The decrease In zinc and citrate levels occurs early In
malignhancy

= High zinc levels inhibit citrate oxidation and
Increase citrate levels in prostate cells.

Costello & Franklin, Prostate 1998



MRSI Methods

o 'H PRESS selection of a volume
encompassing the prostate (bold
white box)

Automatic “Phase Map”
Shimming of selected volume.

Water and Lipid Suppression -
(BASING or Spectral Spatial )

VSS outer volume suppression -
(conformed selection, improved
lipid suppression and reduced
chemical shift artifact) —

3-D phase encoding -16x8x8 (1
NEX) phase-encoding TR- 750-
900ms, weighted elliptical
encoding — 9-12 min.




Methods - MRSI
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Prostate cancer can be
discriminated from healthy
peripheral zone (PZ) tissue

based on low signal intensity on
T2 weighted MRI and a significant
reduction in the levels of citrate

and polyamines and an elevation
In choline on MRSI. The strength

of the test is when MRI and MRSI MM

results are concordant for cancer.

Portion of the 3-D MRSI spectral array



MRI and tH-MRSI -

Increased Choline -
cellular proliferation,
cell density,
phospholipid
composition and
metabolism

Decreased Citrate -
unique zinc and citrate
metabolism and
changes in ductal
morphology

Decreased
Polyamines - least
understood, possibly
related to cellular

proliferation and
secretory function
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Prostate MRSI: Prescribing the PRESS Volume

Goals:

1) Cover the gland
especially the peripheral
Zone.

2) Minimize inclusion of
air-interface.

3) Minimize lipid
Inclusion.




Dual Band Spectral Spatial Acquisition

RF waveform + gradient Frequency profile

100

Robust water and lipid suppression with ability to leave
residual water for phase and frequency reference

Reduced chemical shift artifacts
Phase modulation reduces peak power requirements

Courtesy: John Kurhanewicz, Ph.D. UCSF



Very Selective Saturation (VSS) Pulses

Amplitude and
Frequency Profiles
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Chemical Shift Misregistration

3 Overlaid Phantom PRESS Box Images acquired
with Av =-100,0,+100 Hz

Conventional PRESS Spectral/Spatial PRESS X: Overprescribed

X: 180 SLR (1.1 kHz) 180 Spec/Spat (5 kHz) SRS Fre il VG
Y:90 SLR(2.5kHz)  Y:90 SLR (2.5 kHz) SS Boxwith VS




Prostate Deformation
Correction

Deformed Image

Red = deformed
Blue = non-deformed
Green = Displacement vectors
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Multipurpose
Prostate Phantom
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Glandular tissue -most  \/51 04 PCa %
of the MRS signal

*Peripheral zone 70 68
®*Central zone 25 8
*Transition zone 5 24

Non-glandular tissue - low MRS signal and
no citrate.

*Urethra

®*Anterior fiboromuscular band

*Prostatic capsule
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Systematic Scoring System for Peipheral Zone Abnormalities

Step-section histopathological tumor maps were used to
Identify MRSI voxels of unequivocally benign (n = 306) or
malignant (n = 81) peripheral zone tissue in 22 patients with
MRI/MRSI studies prior to radical prostatectomy..

1:definitﬁly healthy 2=probably healthy 3=equivocal 4=probably cancer 5=definitely cancer
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5P0|nt rating scale

1= definitely healthy;
2=probably healthy;
3=equivocal;
4=probably cancer;
5=definitely cancer.

U=Unusable M=Mixed Tissue
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The score is based on the
choline+creatine/citrate ratio,
choline/creatine ratio, levels of citrate
and polyamines and the presence of

~ low T2 signal intensity on MRI.
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The area under the ROC curve was 0.89 for
reader 1 and 0.87 for reader 2.
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Multiparametric Prostate Imaging Exam
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Multiparametric Prostate Imaging Exam — Dynamic
Contrast Enhanced Imaging

—

T2w: slice 10
DCE: Slice 4
3DSI: Slice 6 (0.5 z-shift)




Multiparametric Prostate Imaging Exam —
Dynamic Contrast Enhanced Imaging




Dynamic Contrast Imaging - Poorly differentiated tumors
show earliest and greatest enhancement.
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Techniques for Localizing PCa

= T2W MRI
» 95% sensitive but only 40% specific
= DCE-MRI
« Increased specificity (80-85%0)
= MRSI
« Increased specificity (80-85%0)
o TUmMor aggressiveness
= Multi-parametric Imaging using
MRSI/DTI/DCE-MRI may further increase
specificity



Many small, low grade tumors can be missed due to spectral signal
averaging with surrounding healthy tissues. This problem can be reduced
by acquiring higher spatial resolution spectral data and by shifting
spectroscopic voxels in post-processing to optimally encompass the region
of abnormality on MRI.




Confounding Factors: Interpretation of Spectra




Confounding Factors: Interpretation of Spectra

Contamination form surrounding muscle also needs to be
considered when interpreting prostate spectra.
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Confounding Factors: False Positives
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Appearance of Spectra In Regions of Hemorrhage

Patients have demonstrated both metabolic atrophy and changes
In their metabolite levels in regions of extensive hemorrhage,
particularly earlv after bionsv.

18.5 % of
spectral
voxels were
degraded
within 8
weeks of ' -

biospy as
compared to

7% after 8 3 weeks (21 days) after biopsy

weeks. atrophy

Cho +Cr "
citrate

AJR 2004; atrophy atrophy +P/§
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Multi-Center Prostate MRSI Studies

= American College of Radiology Imaging
Network - ACRIN 6659

= [nternational Multi-Center Assessment of
Prostate Spectroscopy - IMAPS



IMAPS

Home | Introduction | Participating sites | Acguisition protocol | Data subrnission | Links |

IMAPS =<

An International
Multi-Centre
Assessment of
Prostate MR
Spectroscopy

Introduction
Anintroduction to the purpose of this trial

Participating sites
Listing of participating sites and partners

Acquisition protocol
MNotes on the MR acquisition protocol

Data subrnission
How to submit data to IMAPS

Lirks
Links to partners and sites

to prove in a multi center

study that "H-MRSI can
AND

prostate carcinoma in the

two major anatomical

areas of the prostate.




IMAPS (1.5T)

Prostate spectroscopy at 1.5T
with endorectal coil

The axial T2-weighted image (A) is used for
matching voxel locations to
histopathological specimens (D). One of the
spectral maps (B), partially expanded in (E),
reflects the quality of the MRSI data
throughout the slice. Deviations in the (Cho
+ Cr)/Ci metabolite ratio map in (C) largely
correspond to the tumor location indicated
with the blue line in (D).

Courtesy of T. Scheenen and Prof. A.
Heerschap, Radboud University Nijmegen
Medical Center, Dept. of Radiology

The IMAPS community




63 patients included (1.5T)

PZ peripheral zone
CG central gland
Ur (peri-)urethral area

Tumor is represented by the
highest CC/C ratio within 5 mm
of the classified voxel.

Mean 03 1 03 8 043 096 Courtesy of T. Scheenen and Prof. A.

Heerschap, Radboud University
Nijmegen Medical Center, Dept. of

SD 014 015 023 054 Radiology

The IMAPS community




47 patients (1.5T)

Peripheral Zone
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Coupling evolution of citrate at 3T

TE = 100 ms TE=110ms TE =120 ms

simulation J\ﬁ

TE=130 ms TE =140 ms TE =263 ms

Courtesy: Ulrike Dydak, Ph.D., Gyrotools; Jim Murdoch, Ph.D. Philips Medical
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Courtesy: Ulrike Dydak, Ph.D., Gyrotols; Jim Murdoch, Ph.D. Philip's Medical
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3 Tesla High Resolution 3D MR Spectroscopic Imaging
of the Prostate with a MLEV-PRESS Sequence

CPMG-PRESS
(TE = 85 ms)

SSAF MLEY train S5RF

S Y1 TR N O Y1

Citrate

The modified PRESS sequence for prostate MRSI at

3T. Conventional refocusing pulses are replaced with
phase-modulated spectral-spatial pulses (SSRF).
Between the dual-band refocusing pulses, a non-

selective inversion pulse train utilizing a MLEV phase
cycling scheme was used to refocus the J-modulation
of citrate.




3T MRSI: Increased Spatial and Spectral Resolution

A patient with
a PSA of 2.0
and biopsy
proven cancer
(1/9 cores of
G3+3, 1% of
total volume in
the R lobe).
The patient
has been on
Proscar since
2003.

We observe a
large volume
of clear-cut
metabolic
abnormality (5
sand 4 s)
within the right
midgland
towards the
base.
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Spectroscopy: 3T, ERC

Endorectal coil only, axial slice
Weighted, elliptical k-space sampli
Whole mount section
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TE 145 ms, TR 750 ms, TA 9:36 min
6 ave (Hamming), 14 x 10 x 12 matri
5x5x5mm

Gleason 8

Courtesy of T. Scheenen and Prof. A. Heerschap, Radboud University Nijmegen Medical Center, Dept. of Radiology



PEectroscopy: 3T, Body array coil

TE 145 ms, TR 750 ms, TA 9 min
11 ave (Hamming), 12 x 10 x 10 matrix |
7x 7x 7mm

Courtesy of T. Scheenen and Prof. A. Heerschap, Radboud University Nijmegen Medical Center, Dept. of Radiology



Peclroscopy: 3T, Body array coil &
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TE 145 ms, TR 750 ms, TA 9 min, 11 ave (Hamming), 12 x 10 x 10 matrix 7x7x7 mm

Courtesy of T. Scheenen and Prof. A. Heerschap, Radboud University Nijmegen Medical Center, Dept. of Radiology



Spectroscopy:

Tim Matrix spectroscopy GiaT 145 ms
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Summary

The metabolic transformation of citrate-producing nonmalignant
cells to citrate-oxidizing malignant cells occurs early (probably as a
premalignant stage), which permits the identification of PCa prior to
histopathological identification.

Commercial packages to perform prostate MRI/MRSI are available
with all the major MRI vendors

However with all new technologies training is extremely important.

Care in positioning the PRESS box and the outer volume
suppression pulses is extremely important.

Similarly a good shim of the order of 20 Hz or better is required
over the PRESS box for a reliable MRSI exam.



Summary

Prostate cancer can be identified based on decrease in citrate and
polyamines and an increase in choline signal.

Diffusion weighted imaging can complement MRSI exams where
PCa is characterized by a reduction in ADC.

Similarly dynamic contrast enhanced imaging can also complement
MRSI through the visualization of angiogenesis.

A multi-parametric MRI approach to prostate cancer is likely to
significantly increase the sensitivity and specificity in the detection
of prostate cancer.

MRSI of the prostate at the higher field strength seems very
promising.
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An Elagtic Registration Algorithm based on Strain Energy Minimization and its Application to Prostate MR images

B. Zhang, R. P. Gullapalli*

M agnetic Resonance Research Center, Dept of Radiology, University of Maryland School of Medicine, Baltimore, MD, United States
Background
Magnetic resonance i maging using the endorectal coil (erMRI) has become the clinical standard in the diagnosis of prostate cancer asit provides excellent quality high
resolution images. However the images and spectra obtained using the endorectal coil experience certain amount of displacement from their original position and the
prostate is imaged in this displaced, distorted position. Such displacement and distortion during diagnosis leads to uncertainties in the localization of prostate cancer
during therapeutic intervention as in the case of radiation therapy. Image registration is a necessary exercise to transform the diagnostic i mages to their undistorted
state. Rigid body registration isinadeguate since the prostate encounters non-rigid elastic deformation. Elastic registration is of particular interest in erlMRI since it
takes into account the physical process that prostate has experienced during the medical imaging procedure. Traditional elastic image registration schemes derive forces
from image data using some similarity measure and then deform the source image into target. [1,2] Instead of computing the forces and solving the Navier-Lame
equation for deformation, the proposed registration algorithm in this work models the image as a dynamic system in equilibrium and derives the deformation using the
principle of strain energy minimization.
M ethod
Srain Energy Minimization According to the principles of dynamics, the potential energy function has a stationary valueif the system is conservativeand isin
equilibrium. Especialy, if the systemis stable, then the potential energy function is minimized. [3] In prostate erMRI, the prostate isin equilibrium before and after the
insertion of endorectal coil, hence the above theorem can be applied to derive the underlying deformation within the prostate.
Treating the prostate as an incompressibl e eastic body, the potential energy function is purely the strain energy U. It is defined as

Y (ov)  (owY 1 au av) (v, ow) (du owY
U=G — — — | |dxdydz+=G —t— —t— —+—
m{(ax] J{By] J{az) xay Z+2 m. ay+ax - az+ ay +(az+ ax]
where G is the shear modulus characterizing the prostate constitutive property, u, v, and w are displacementsin x, y, and z directions, respectively. The strain energy

minimization requires 8J = 0. The boundary conditions of this problem are of the Dirichlet boundary form:

U o= G(U, v, W) |0, =0 and i |, = G(U, V, W) [y0,= (U(X, ¥, 2),V(X, ¥, 2), W(X, ¥, 2)) |y,
whereg1 denotes the outer boundary of the data volume and 9Q2 denotes the surface of the prostate.

dxdydz

Discretization Using the forward difference formulafor first derivative of displacement, the strain energy minimization equation can be expressed in discrete
formasafunction of pixel positions (Xij Yij Zij):
. - [zxi+ljk F 2% gkt K5k Nk Kk k-1 Ot i) T Mok Y~ G vk~ Gk~ G +1jk—172ijk—l)}
ik = 8
_[Yi+1jk+Yi—1jk+2Yij+]J<+2Yij—:lk+Yijk+l+Yijk—1+(Zij+lk_Zijk)_(Zij+1k—1_Zijk—1)+(Xij+]k_xijk)_(xi—lj+Jk_xi—1jk)}
ik = 8
, 7[Zi+1jk+Zi—1jk+zij+1k+zij—JJ<+22ijk+1+ZZijk—1+(Xijk+1_Xijk)_(xi—ljk+1_Xi—1jk)+(Yijk+1_Yijk)_(Yij—1k+1_Yij—Jk)]
ik = 8

Combining the discretized boundary conditions, the final position can be determined.

Numerical Implementation

Note, that in the above solutions, the new position (Xij, i Zij) isaways explicitly expressed by its closest neighbors. This particular form of solution suggests that
Gauss-Seidel method can be directly used for the computation of (Xij, Yij Zijk)-

Data Acquasition The prostate phantom and patient data were acquired on Philips Eclipse 1.5T system. The prostate phantom was built in-house and incorporates
al the necessary elements of a prostate gland including the tissue consistency, and the biochemicals contained within a normal prostate tissue.[4] The prostate phantom
aso hasincorporated within it seeds that serve as landmarks and are hel pful in assessing the accuracy of registration. Theimage size of the prostate phantom was
256x256%29, and the resol ution was 0.625x0.625x2.5 mm. T2-wieighted images (256x256x25) of the prostate were obtained from patients with the endorectal coil in
its fully inflated position and completely deflated position at a TE of 110msand a TR of 3500ms at a voxd resolution of 0.625x0.625%3.5 mm.

Results

Figure 1 displays the representative resulting images from the registration along with the displacement vectors. The registration error was found to be 1.0+0.6 pixels
(or 0.6+0.4 mm) for displacements ranging from 4-6mm due to the insertion of the coil. These results quantitatively demonstrated the excellent performance of the
registration algorithm. Representative images from a patient’s prostate are shown in figure 2. The similarity measure shows that normalized correlation coefficient
improved from 0.62+0.12 to 0.98+0.08 by the registration.

Conclusion

In conclusion, a novel registration agorithm
based on a strain energy transformation was
implemented. This algorithm was tested on
phantom and actual clinical data respectively.
The results from phantom data showed that the
accuracy of our registration is within 1 pixel.
The clinical prostate data showed the feasibility
of the registration algorithm to prostate imaging.

Fig. 1. Representative registration results for prostate phantom images. (&) reference image (b) source image
overlapped with the displacement obtained. (c) registered image. (d) difference between the segmented reference
and source. (e) difference between the segmented reference and the registered image.
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Fig. 2: Representative registration results for actual prostate images. (a) referenceimage (b) source image
overlapped with the displacement obtained. (c) registered image. (d) difference between the segmented reference
and source. (e) difference between the segmented reference and the registered image.
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Objectives

> o verity the effectiveness of multi-
parametric prostate MRI in diagnostic
accuracy in comparison with whole mount
histopathology using the following
techniques

o VMR spectroscopic imaging

o Dynamic contrast enhanced MRI
o Diffusion weighted imaging

o [2 relaxemetry




MR spectroscoplc Imaging

Portion of the 3-D MRSI spectral array

can be
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based on a
significant reduction in
the levels of citrate and
polyamines and an
elevation in choline on
MRSI.
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Dynamic contrast enhanced MRI

Interval = 2.88 sec
A= 6.393
b= 7.947
a= 0.110
Interval = 2.88 sec - Ktrans = 0.533 (1/min)
A= 1.527 Kout = 0.110 (1/min)
b= 3.590 ve = 0.067
a=-0.031 : vp= 0.500
Ktrans = 0.127 (1/min) Tlag = 25.06 sec ( 8.7 INTVL)

-85231 (1/min) mse = 0.001491, (R2 = 0.9729)

S(tYS0 -1

Tlag = -27.66 sec (9.6 INTVL)
mse = 0.000438, (R2 = 0.9854)

—— Observed
—=- Fit N —+— Observed
’ —- Fit
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Tofts model was adopted for kinetic analysis to determine Ktrans




Diffusion-weighted imaging

Pl

T2 weighted image ADC map

ADC map from DWI demonstrates tumor foci as area of
decreased water diffusion in the peripheral zone.




T2 Maps
> CPMG sequence

T2 weighted image Calculated T2 map

T2 map showing cancerous regions with lower T2 values




Subjects

> 26 patients with biopsy proven prostate cancer
Age: 42-73, mean 58 =8 yrs
PSA: 0.5-29 ng/ml mean 9.4
Gleason Score: 4-8, mean 6 (62%) or 7 (38%)
All patients had MRI at least 4 weeks after biopsy.
One subject was recruited post radiation.

Patients went to surgery within three weeks following
their MRI procedure

Informed consent approved our Internal Review
Board was obtained from alll patients




In vivo MIRI data acquisition

> Protocol
o | 1-weighted
T2 weightea
T2 relaxometry imaging
Diffusion weighted imaging
Perfusion weighted imaging
o MR spectroscopy imaging

> Sequence Validation for 3D-MRSI
o Home built prostate phantom
o Healthy volunteer




Prostate phantom

Endorectal coll Pubic bone

L ard

| g : /
- Urethra
L1 T T

Seed Gland

Saggittal MR image of the

Phantom.
Prostate phantom was constructed to mimic the actual situation when imaging
the prostate. The gland itself was made of agar gel mixed with the relevant
proportions of choline, creatine, and citrate observed in the normal prostate.
Sesame seeds were included in the phantom which allowed clinicians to practice

for biopsy and also for placement of seeds.

Prostate phantom




Axial T1-
weighted

Axial T2-

weighted
CPMG

DTI
IDAVA
3D MRSI

(PRESS box
adjusted to prostate
volume)

Perfusion
FLASH

MR Imaging parameters

TR
(ms)

710

4030

2000

11500
5900
780

61

TE
(ms)
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10:10:80
93
81

Matrix

230X256

256x256

192X256

128X128
192X192
16x16

192X256

FOV
(mm)

160X160

180X180

225X300

230X230
230X230
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200X200

No.
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Slices
26

26

10

50
16
16

10

Thickne Gap
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Prostate Specimen

Prostate Slicer

Histopathology

Individual 3mm section Histology slide

A prostate slicer was designed to facilitate whole mount
prostate. The excised prostate was color coded to differentiate
its orientation. Uniform 3 mm parallel slices were then cut
followed by 50 micron sections from each of the slices for H&E
staining. On each of the slides the pathologist marked regions
of cancer along with their Gleason Score.




Example 1: Patient with multifocal cancer and
pro#sh;g;iﬂs. JAge 59, PSA 5.9 ng/l, Gleason 6

,:' R —

- I I I

In vivo, ex vivo MR images: (A)
T2-weighted image, (B) T2-map,
(C) ADC map, (D) Ktrans map,
(E) spectra from the tumor area,

(F) ex-vivo prostate, (G) section 5 g
of the prostate, and (H) 3+ hl ;
corresponding histology slide

with pathologists findings of Multifoci
multifocal cancer and prostatitis. lesion 3+4




Example 2: Focal Tumor with Extracapsular
extension, Age 44, PSA 6.7 ng/L, Gleason 6

':-::

U kL2

(A) T2-weighted image, (B) T2-map, (C)
ADC map, (D) Ktrans map, (E) spectra
from the tumor area, (F) ex-vivo
prostate, (G) section of the prostate, and
(H) corresponding histology slide with
pathologists findings of cancer and
extracapsular extension.




Example 3: Case of Diffuse prostate cancer, Age 61,
PSA 5.4, Gleason 6

(A) histology slide with pathologist score, (B) T1-weighted image (C) T2-
weighted image, (D) Ktrans map, (E) ADC map, (F) T2 map, (G) spectra from
the normal appearing (from T2-weighted images)area of the left PZ, and (H)
spectra from the abnormal appearing area from the right PZ.

Although, diffusion, and T2-map seem to indicate abnormal area only in the
right PZ, spectroscopy indicates bilateral abnormality and perfusion map is
unable to differentiate kinetic differences.




Multi-parametric VMleasures

Normal Tumor Tumor Tumor Tumor Tumor
tissue Gleason4 Gleason5 Gleason 6 Gleason 7 Gleason 8

Cho+Cr/Cit 0.6 £0.25 0.43 0.56x0.13 1.61x+0.88 1.471+1.12 2.20+2.22

Ktrans (1/min) 0.14+0.11 , 0.11+0.03 0.28+0.34 0.36+0.46 0.27x0.37

T2 (ms) 111.3+22.7 94.7+254 105.3%+28.1 131.2+28.2 115.2+55.7

ADC (103mm?/s) 1.15%0.44 1.101+0.47 1.34%0.39 1.13%0.16

Individual parameter values from the 14 patients with lesions interrogated from
68 locations and 16 normal locations in the peripheral zone.




Results: Ktrans

Ktrans (1/min)
L 2

o $

4 5

.
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g
7

Gleason Score

Ktrans is able to distinguish normal tissue from abnormal tissue. However, it is
unable to distinguish the different grades of tumor within the peripheral zone.
Normal regions are shown along Gleason Score of zero.




Results : ADC
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In our sample we could not find a significant difference in ADC between normal and
abnormal tissue as determined by the pathologist. ADC values although we had a
trend towards a lower ADC value in tumors.




Results

4 5

Gleason Score

In our sample we could not find a significant difference in T2- values between
normal and abnormal tissue as determined by the pathologist. A very feeble trend
was seen towards a lowered T2 value in the tumor areas.




Results: Choline+Creatine/Citrate
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Cho+Cr/Cit ratio is able to distinguish normal tissue from abnormal tissue.
However, a trend towards higher Cho+Cr/Cit was seen with increasing tumor
burden, like Ktrans it was unable to distinguish different grades of tumor within
the peripheral zone. Normal regions are shown along Gleason Score of zero.




Recelver Operating Characteristic
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ROC curve shows that spectroscopy has the highest sensitivy and specificity for
detecting cancer in comparison to pathologists findings followed by perfusion scans.
Both diffusion-weighted imaging and T2-maps had the least sensitivity and
specificity. The area under the curve for Ktrans, T2, ADC and Cho+Cr/Cit are 0.65,
0.51, 0.54, and 0.79 respectively.




Summary

Based on our analysis, it appears that using appropriate thresholds for
Cho+Cr/Cit and Ktrans one can differentiate tumor from normal tissue. The

thresholds, corresponding sensitivity, specificity, positive and negative
predictive values, and accuracy are listed in the table

Threshold  Sensitivity Specificity PPV NP ACC
\%

MRSI 0.9 0.68 0.85 0.95 045 0.72
(Cho+Cr/Cit)

DCE-MRI 0.2 0.65 0.6 094 036 0.65
(K'rans - 1/min)




Conclusions

The preliminary results demonstrate that the multi-
parametric MR imaging approach can improve the
accuracy of prostate cancer detection.

Spectroscopic imaging had the highest sensitivty and
specificity of The combination of each of the
techniques increased the sensitivity and specificity

of 0.68 and 0.85 respectively.

Sensitivity and specificity of perfusion scan was 0.65
and 0.6.

Results from diffusion weighted imaging and T2 map
showed weak correlation with pathologists findings.

Analysis from a larger group of patients is underway to
assess if the above conclusions hold true.
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Objectives

> 10 verify the diagnostic accuracy of multi-
parametric prostate MRI in comparison
with whoele mount histopatholoegy using the
following technigues
o MR spectroscopic imaging
o Dynamic contrast enhanced MRI
o Diffusion weighted imaging
o [2 relaxometry.



MR’ spectroscopic Imaging

Portion of the 3-D MRSI spectral array
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Dynamic contrast enhanced MRI

S(t)/so -1

Interval = 2.88 sec
A= 1527

b= 3.590

a=-0.031

Ktrans = 0.127 (1/min)
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,000438, (R2 = 0.9854)
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Interval = 2.88 sec
A= 6.393

b= 7.947

a= 0.110

Ktrans = 0.533 (1/min)
Kout = 0.110 (1/min)

Tlag = 25.06 sec ( 8.7 INTVL)
mse = 0.001491, (R2 = 0.9729)

100
T (sec)

—+— Observed

Tofts model was adopted for kinetic analysisto determine Ktrans



Diffusion-weighted imaging
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T2 weighted image ADC map

ADC map from DWI demonstrates tumor foci as area of
decreased water diffusion.in the peripheral zone.
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T2 weighted image Calculated T2 map

T2 map showing cancerous regions with lower T2 values
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Subjects

> 14 patients with biopsy proven prostate cancer
o Age: 42-73, mean 588 yrs
o PSA: 0.5-29 ng/ml mean 9.4
o Gleason Score: 4-8;
o All'patients had MRI at least 4 weeks after biopsy.
o One subject was recruited post radiation.

o Patients went to surgery within three weeks following
their MRI procedure

o Informed consent approved by Internal Review Board
was obtained from all patients



In viveo MRI data acquisition

> Siemens 1.5T Avanto with 18 channels
> Endorectal coll from Medrad

> Protocol

o I1-weighted (3mm;slices no gap)
o 2 weighted (3mm slices no gap)
o |2 relaxemetry imaging
TE 10-80ms every 10ms; 3mm slices
Diffusion weighted imaging
b=1000s/mm?; 3mm slices
o Perfusion weighted imaging
0.1 mmol/kg Gad; 6mm;slice; temp res 3 s; 70 frames
MR spectroscopy Imaging
3D PRESS 16x16x12 (6x6x6 mm2); TE 120ms; weighted av; OVS



IHistopathology
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Prostate Specimen ex vivo image Histology slide

Individual 3mm section

-A prostate slicer was designed to facilitate prostate sectioning.
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" -The excised prostate was color coded to differentiate its
. -#?.\. AR

orientation.
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AL

"= _Uniform 3 mm parallel slices were then cut followed by 50 micron

Prostate Slicer  gqctions from each of the slices for H&E staining.

-On each of the slides the pathologist marked regions of cancer
along with their Gleason Score.



Data Analysis

-Octants were hand drawn on
T each of the slice.

-From each octant mean values
were derived along with their
histogram values

-A total of 748 octants were
examined.

-After careful examination for
image quality the number of
octants reduced to 418 octants
which were used in the final
analysis.




Scoring Methodology.

> Radiology score
o Consensus Yes/No for cancer by 2 radiologists
» Indicate confidence level for each score
o Neurovascular invoelvement
o Seminal vescicle invasion
o EXxtracapsular invasion

> Mean ADC scores
> Mean [ 2 value
> Mean K

rans



Scoring Methodology

> Spectroscopy.

The likelihood of tumor presence was encoded using a
5 point rating scale based on Cho+Cr/Cit ratio

1=definitely healthy
2=probably healthy
3=equivocal
4=probably cancer

5=definitely cancer



Statistical Analysis

> Dichotomized histology at Gleason Score
of 5 & 6

> Logistic regression of binary histology
scores based on individual technigue
scores

> ROC curves based on thresholded

predictive probablilities obtained from

ogistic regression

> All analysis was performed using PROC
Logistic under SAS v9.1




Example 1: Patient with multifecal cancer and
prostatitis. Age 59, PSA 5.9 ng/l, Gleason 6

ADC Image Kirans-mMap



Example 2: Focal Tumor with Extracapsular
extension, Age 44, PSA 6.7 ng/L, Gleason 6
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Example 3: Case ofi Diffuse prostate cancer, Age
61, PSA 5.4, Gleason 6

T1-weighted image
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T2-weighted image - . Kirans image
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ROC Curves (Hist > 5). Individual vs Combined Techingues
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ROC Curves (Hist > 6): Individual vs Combined Techinques
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Summary

Overall accuracy Increased from 55% to 80% for the combined
use ofi information from the different technigues compared to
radiologist read alone.

At high specificity spectroscopy and perfusion contributed to the
overall accuracy.

At moderate specificity spectroscopy and diffusion contribute to
the overall accuracy.

For combined model we ebtain 60% sensitivity at 80% Specificity
where as the individual technigues have 40% (spectroscopy), 28%
(perfusion) 22%(diffusion) and 20%(t2) sensitivity

Spectrescopic score hadl a significant correlation (0.34; p<0.0001)
withi pathologists findings



Conclusions

The preliminary results demonstrated that the multi-parametric

MR imaging approach can improve the accuracy of prostate
cancer detection.

Combined use of techniques was significantly more sensitive to
presence of tumor than any individual technigue at all
specificity levels.

Spectroscopic Imaging had the highest sensitivity and specificity
among all technigues.

Ktrans maps showed high specificity at high Gleason scores.

Results from diffusion weighted imaging and T2 map showed
weak correlation with patholoegists findings.

Analysis firem a larger group of patients Is underway te assess If
the above conclusions hold true.
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INTRODUCTION: We performed magnetic

resonance spectroscopy ima ging (MRSI),
perfusion weighted ima ging, and T2 mappin g
along with traditional T2 -weighted MR image
acquisition on patients prio rto radical
prostatectomy and compared the results with ex
vivo scans and whole mount histopathology.

METHODS: 13me n with pro state ca ncer
(T1c=69%, cT2  =31%) who electedra dical
prostatectomy were enrolled. In vivo data ac quisition
was co nductedon a 1.5 Teslasca nner using an

endorectal co il prior toa nd after a20 mlbolu s of
gadolinium. The ex vivo prostate was image d again
following surgery, then fixed in formalin and sectioned in
3 mm axial slices. In vivo and ex vivo MR images were
aligned and compared with the indiv idual he matoxylin
and eosin stained slices of the prostate.
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A. Sag|ttal localizer to assess coil position. B. T1 We|ghted Axial - assess biopsy
artifact, lymph nodes and bone. T, Axial (C) and Coronal (D) Images - assess
cancer location and stage.

Portion of the 3D MRSI spectral array

| !

can be di scrlmlnated from Pplyamines Creatine
i Polyamjnes|
! bas?d on low slgnal_ intensity Choliee | Creatine
onT2 MRI and a in the ‘ Choline
Grate
PPM30 25 20 PPM30 25 20

Citrate

levels of citrate and polyamines combined with an
elevation in choline on MRSI. The strength of the test
is when MRl an d MR SIr esults ar e for
cancer.

RESULTS: Meanage = 55y (44-67), PSA = 9.4
ng/ml (0.5-2 9). Gleason s cores were 6 (62 %) or 7
(38%). Cancer loci >10 mm?3 were well delineated by
the T2 map. Kinetic perfusion maps (figure 1) revealed
a significant diffe rence betw een normal and abnormal
tissue (p<0.001). Neither map was sensitive to changes
in tumor grad e be tween cancer loci. MR spectroscopy
had high s ensitivity an d correla ted well with the
histological s ections for| esions >0.2mm 3. The
combination of i maging te chniques signi ficantly
improved sensit ivity and specif icity for det ection of
prostate cancer co mpared to standa rd MR | fi ndings
(90% and 89% vs. 72% & 80%).

RESULTS:
Patient #1: age 57, PSA 5.9, Gleason 3+3=6, clinical T1c, pT2c

1. Normal Perfusion

Figure 1. Kinetic Perfusion (K 1,,.) Map
demonstrating normal and loci.
Concentration-time curves 1 & ~ demonstrate
normal and abnormal perfusion, respectively,
following a bolus of gadolinium.

Patient #1, differe nt slice. Anarea of h ypointensity (arrow)on T2
weighted (A) and diffusion w eighted (B) images corresponded to an
abnormal choline+creatine:citrate ratio (C). Ex vivo images (D) were
used to help correlate in vivo images with histopathology (E), which, in
this case, demonstrated several foci of Gleason 3 prostate cancer.

Patient #8: age 61, PSA 13.15, Gleason 3+4=7, clinical T1c, pT3b
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Axial, coronal, and sagittal T2 i mages w |th spectroscopic grld
overlays. Each 3D voxel is .216 cm?3 (0.6 x 0.6 x 0.6 cm).
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A. MR spectra from each voxel superimposed on an axial image.

B. A color ma p of t he ratio of ch oline+creatine:citrate d emonstrates
an abno rmality (s olid red) w hich corresp onds t o th e area of low
signal intensity seen on the T2-weighted image (red dashed line).
These tw o imagi ng techniqu es ¢ ombineto provi dea highly

concordant localization of prostate cancer.

approach can improve the accuracy of pros
preoperative planning.

CONCLUSION: These preliminary results demonstrate that a multi-parametric MRI

tate cancer detection and may aid in
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1. INTRODUCTION

The use of magnetic resonance imaging (MRI) in the staging and follow-up of patients
with prostate cancer (PCa) has been steadily increasing, and MRI has been used for preoperative
evaluation, cancer staging, and image guidance for prostate interventions (Sanchez-Chapado et
al., 1997; Futterer et al., 2007; Susil et al., 2004; Nguyen et al., 2007). Magnetic resonance
imaging in conjunction with endorectal coil and MR spectroscopy (MRS) has been shown to
further improve the sensitivity and specificity of cancer detection, providing high-quality images
with nearly a 10-fold signal-to-noise improvement over body phased-array coils (Schnall et al.,
1991; Husband et al., 1998; D’Amico et al., 1998). Although rigid endorectal probes are available,
the most popular endorectal probe uses a balloon. This device involves the insertion of the
endorectal coil in the rectum followed by inflation of the balloon that covers the coil to about 40 ~
60 cc of air while ensuring that the coil face is against the posterior portion of the prostate gland.
This procedure secures the prostate gland between the coil and pubic bone and ensures that the
gland itself does not move during the imaging procedure. However, this technique results in
images with significant distortion. For image-guided interventions such as external-beam therapy
or brachytherapy, such distortions must be taken into account before an effective treatment plan
can be generated.

Several investigators have proposed both rigid and nonrigid registration to correct for
prostate image distortion introduced by the endorectal coil. Rigid body registration deals with the
translation and rotation of images (Dubois et al., 2001; Fei et al., 2002). The underlying global
transformation is expressed in terms of a finite number of parameters (i.e., 3 parameters each for
translation, rotation, scaling, and shear). Under certain circumstances, however, these global
transformations are inadequate to describe the transformation, especially in the case of highly
localized deformation. This has led to the development of nonrigid registration techniques. The 2
general transformation functions employed in nonrigid registration that delineate the local
distortion are polynomials (Wu et al., 2004) and thin-plate splines (TPS) (Venugopal et al., 2005;

Lian et al., 2004; Fei et al., 2003). The coefficients of the polynomial and the TPS functions are
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obtained by maximizing the cost functions using normalized cross correlation (NCC) or mutual
information (Fei et al., 2003).

Other nonrigid registration methods provide transformations that are solutions to the
governing equations based on the physical model used. These methods include elastic
registration (Broit, 1981; Davatzikos et al., 1996; Gee et al., 1997; Peckar et al., 1999), fluid
registration (Christensen et al., 1996), diffusion-based registration (Thirion, 1998), and optical
flow—based registration (Beuchemin and Barron, 1995). Among these registration methods,
elastic registration is of particular interest in prostate imaging because it appropriately models the
prostate as a 3D, incompressible elastic object.

Here we present a novel elastic registration algorithm that is based on strain energy
minimization. Rather than computing the forces and solving the force—balance equations for
deformation as demonstrated by many investigators, the proposed registration algorithm derives
the deformation using the strain energy minimization technique. Results from this algorithm are
presented on simulated digital images, prostate phantom images, and images obtained from

patients who underwent prostate MR imaging using the endorectal coil.

2. MATERIALS AND METHODS

2.1 Theory of Strain Energy Minimization

According to the principles of dynamics, the potential energy function has a stationary
value if the system is conservative and is in equilibrium. This implies that when the system is
stable, the potential energy function is at a minimum (Greenwood 1997). This theorem has broad
applications in engineering in determining the deformation, stress, and strain distributions of a
static system. This theorem forms the basis in deriving the transformation matrix to align

endorectal coil based images before and after distortion.
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FIGURE1

Treating the prostate as an elastic body, the potential energy of the system at static
equilibrium is purely the strain energy U, as defined in the following expression (Ugural and

Fenster, 1995):
_ }[ 2 2, .2, .2 2, 2 2}1
U_Iszle +2uley +ey+e7) + 1ysy + 7y + 73) IQ Q)
o

where, A and y are two Lame constants characterizing material constitutive properties, y is the
shear modulus of the material characterizing the rigidity, A is an engineering constant that
describes the effects of dilatation based on tensile stress, &, (p = X, y or z) is the normal strain in p
direction, y,q (PQ = Xy, yz, or zx) is the shear strain in the p plane pointing toward g, e is the unit
volume change, and Q is the prostate volume (Fig. 1).

Krouskop et al. (1998) determined the Poisson’s ratio of prostate tissue to be 0.495, this
was also confirmed by Read’s study (Read et al., 2001). Given this the first term 2e? in Eq. (1)
can be ignored since it is two orders of magnitude lower than the other two terms (see appendix

1). Thus the above equation is simplified to:

1
=l 55 D+ 305+ e ) e @
Q
Based on the strain—displacement relationship (Ugural and Fenster, 1995), this equation can be

rewritten in terms of displacement (position change of a point) in the Cartesian coordinate system

as:

o= (5] (ZZJZ{?ZT]W

3
2
+— | au @ av ow +(6_u+@j dxdydz
ay ox 82 8y 0z 0x
where, u, v, and w are the displacements in x, y, and z directions, respectively.
The strain energy minimization requires that
oU =0 4)

and when this is subjected to the Dirichlet boundary conditions:
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Ula=Vlon=W|xn=0 (5)
where 0Q denotes the boundary of volume Q (see Fig. 1).

Eq. (4) is also constrained by the correspondences of image features (such as contours
in 2D or surfaces in 3D) between the source and target images. Please note that the source
image is the non-deformed image, the target image, or the reference image is the one obtained in
the deformed state, and the registered image is the source image that has been transformed to
the reference image. Suppose that we have a point p(x, y, z) in the source image, and as a result
of distortion correction it moves to point P(X, Y, Z) (P is to be determined through registration). If
point p(x, y, z) belongs to Z (the set of voxels of those features in the source image that have
corresponding features in the target (Fig. 1), it will move to its corresponding point P'(X',Y’,Z’) in
the target image for which a position is measured manually or automatically. Then the constraint

can be expressed in the form of the energy function:

.X[(P—P')zd2=0 )

The transformation between the source and target images can be obtained by solving Egs. (4-6).
The obtained transformation, that is, the strain energy minimization transformation (SEMT), forms

the basis of the novel elastic registration on prostate endorectal coil MR imaging (erMRI).

2.2. Discretization

Suppose we have 2 images Is and I;, where [ is the source image and I; is the target
image. The voxel pijk(Xij Yik, Zix) in Is evolves into the voxel Py (Xix, Yix Zix) in l. Here i, j, and k
are in the range of [1,L], [1,M], and [1,N], respectively, and (L,M,N) are the dimensions of the
image volume. The displacement vector (u, v, w) of voxel pj is:

(u,v,w)= PRy — Py = (Xijk = Xiji» Yijk = ik Zijk — Zijk) 7)

Plugging in Egs. (3) and (7) to Eq. (4) and using forward difference formula, Eq. (4) can be
discretized to a set of linear equations. The new positions Py (Xix, Yix Z i) are the solutions of the

linear equation system:
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2Xi 1k T2 Zajk X ekt K o1kt Xkt Kijk-1t O zjk Vi)
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Xijk =

(8)
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Yiik = 8

10

11 Zi v1jk i —1jk TG+ 1kt ij —1k T Zijk+ 1T Zijk -1 Kjjreer— Xijd
O e o S S T O B /O S e

13 ijk 8

15 for2<isL-1,2<jsM-1,2<ks<N-1,and (i,j,k)eX.

17 The boundary conditions as described by Eq. 5 and the constraints as expressed in Eq. 6,
19 leads us to the following:

21 Xie=Xpe Yie=Ygo  Zg=2, fori=lorLj=lorMk=1orN (9)
24 ik =Xio  Y=Yie  Zy=2y for (1K) e (10)
26 The final registered image volume can be computed from Egs. (8-10).

28 Note that there are no constitutive parameters such as A and p in Egs. (8-10), which

30 makes this algorithm essentially parameter free. The new voxel position Py (Xix, Yik, Zix) iS

32 expressed as an explicit function of the positions of its closest neighbors.

34 FIGUREZ2

38 2.3. Numerical Implementation
40 The Gauss—Seidel method was used to iteratively compute the solutions of the linear equation
42 system (Egs. 8-10). Convergence for the numerical implementation was set such that the

44 position difference (or displacement) of any voxel between 2 consecutive iterations was less than

46 ¢ (0.01 pixelsin our case) or when the number of iteration reached Sp. Figure 2 illustrates the

procedure of this novel registration algorithm and the numerical implementation of SEMT. This
algorithm was implemented in the MATLAB environment (Mathworks, Inc., Natick, MA).

To estimate the number of iterations required for convergence, the above algorithm was
applied to a pair of digital images consisting of a rectangular grid of correspondence points with a

deformation similar to the one depicted in Fig. 1. After each iteration, the maximum difference
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between the source and target correspondence points (in voxels) was found Figure 3 shows a
typical relationship between the difference of two consecutive iterations and the iteration number.
As can be seen, a difference of 0.01 is approached when the number of iterations reaches 300.

For the purpose of our study we set the maximum number of iterations, S, to 300. The

computation time needed for 300 iterations is about 20 seconds for a 2D registration and 15~30

minutes for 3D registration on a 3.4GHz personal computer.

FIGURE3

2.4. Validation

Validation of the algorithm was accomplished on digital phantoms, a prostate phantom
designed in house, and actual prostate MR images acquired using an endorectal coil. To assess
the accuracy of the SEMT algorithm, the intensity difference, normalized cross correlation

coefficient (NCC), and displacement of known landmarks were computed.

2.4.1. Digital Phantom

A digital phantom was generated that consisted of a sphere (radius 10, arbitrary units)
centered in a 30 x 30 x 30 (arbitrary units) volume. A 3D character ‘F’ was embedded in the
sphere as shown in Figure 4. For simplicity, the sphere was assumed to be elastic, isotropic, and
homogeneous. A known deformation was applied to this digital phantom to test the efficacy of the
algorithm in registering the sphere to the ellipsoid. In our study the sphere was elastically
deformed to an ellipsoid (3 semiaxes: a=9, b =12, and ¢ = 10 in X, y, and z directions,
respectively) along with the embedded 3D character ‘F'. In this case the sphere is the source
image, which is deformed to the ellipsoid, the target or reference image. A total of 186 predefined
matching landmarks on the surfaces of the sphere and the ellipsoid were used to derive the

transformation matrix using the SEMT algorithm.

FIGURE4

2.4.2. Prostate Phantom
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The prostate phantom as shown in Fig. 5 was built in house and incorporates all the
necessary elements of a prostate gland, including tissue consistency and the biochemicals
contained within a normal prostate tissue (Zhang and Gullapalli, 2005). The gland was
constructed from 0.5% agarose (Type | Low EEO 9012-36-6, Sigma Chemical Co., St. Louis, MO)
and was made in the shape of an ellipsoid with dimensions of 50 x 40 x 30 mm?® in the x, y, and z
directions. The gland was doped with 0.1 mM gadolinium diethyltriaminepentaacetic acid,
producing visible contrast between the gland and the background gel. The biochemicals choline
(10 mM), creatine (30 mM), citrate (100 mM), and lactate (35 mM), which are predominantly seen
in prostate MRS imaging, were also added. A thin layer of lard was added surrounding the gland
to mimic periprostatic fat. A piece of polycarbonate bar was placed above the gland to constrain
deformation, much as the pubic bone would do in the actual prostate. At the bottom of the
phantom a tunnel allowed insertion of the endorectal coil. Sesame seeds were randomly
embedded within the prostate phantom, and their displacement was used in assessing the
accuracy of the registration. Images of this prostate phantom were first obtained with the
endorectal inserted but with no balloon inflation (source images). As in normal prostate erMRI,
the balloon was then inflated with 100 cc of air, which allowed the prostate phantom to distort in a
manner similar to that of a real prostate gland during an in vivo erMRI procedure. MR images

were obtained in this distorted position (target images).

FIGURES

Forty matching landmark points along each of the semi-automatically drawn contours
were used to correct for deformation. In total there were 400 landmark points for the entire

prostate that were used in determining the transformation matrix.

2.4.3. In Vivo Data

The registration algorithm was also applied on ten sets of human prostate data, each with
2 typical deformation states (one with O cc of air and the other with 40—-60 cc of air inflated in the
endorectal coil balloon). Once again the source images are obtained with deflated coil and the

target images are obtained with the balloon inflated. The matching landmarks along the prostate
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surface were selected in the same fashion as stated in the section above. There were a total of
200 ~ 400 landmarks used to derive the transformation depending on the size of each prostate.

Approval from the University of Maryland Institutional Review Board was obtained for this study.

2.4.4. Registration Evaluation
The performance of the registration algorithm was assessed using normalized correlation
coefficient (NCC) between the target and the registered images using the following relationship:

NCC = L

[zt 7 [rpptn -]

ZZ%('W ~T N2~ T2)

where |4 and | are the image intensities at point (i,j,k) in image I, and |,, respectively, and
I_1 and I_2 are the average intensities of I; and I,, respectively. If NCC =1, then I, and |, are

identical, which means a perfect registration.

Registration error was assessed by averaging the displacement of a fiducial landmark in
the target image to its corresponding point in the registered image. These fiducial landmarks were
either geometric or anatomic, both of which were identified in the target image and have
correspondences in the registered image. A typical dataset usually used 2 to 6 fiducial landmarks
per slice depending on the visible features inside the prostate. In the case of the prostate
phantom, the embedded sesame seeds allowed us to measure the displacement of a point
resulting from the inflation of the coil balloon and then to assess the accuracy of the registration

algorithm.

2.5 Comparison to other registration techniques

We compared the results of our SEMT registration with established affine and B-spline
registration techniques. Both these techniques are available on MIPAV (Ver 3.1.1, 2007, Center
for Information Technology, National Institute of Health, Rockville, MD). We performed 12-
parameter affine registration, which includes 3 translation, 3 rotation, 3 scaling and 3 shearing.

For the B-spline registration, the degree of the basis functions was set to three, which guarantees
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a smooth displacement field. Tri-linear interpolation for performing registration operations and

correlation ratio as the cost function was used for both methods.

2.6 MRI Data Acquisitions

The prostate phantom and patient data were acquired on a Philips Eclipse 1.5-T system
(Philips Medical System, Cleveland, OH). An endorectal coil (Medrad, Inc., Indianola, PA) was
used to acquire the T2-weighted axial images using a fast spin echo sequence.

The T2-weighted images of the prostate phantom were acquired while the inserted
endorectal coil was fully deflated or was inflated with about 100 cc of air. The acquisition
parameters were: TR/TE = 3412/91 ms, matrix = 256 x 192, field of view (FOV) = 16.0 cm, slice
thickness = 3.0 mm, and number of slices = 29.

Ten patients (ages, 61 + 9 y) with biopsy-confirmed prostate malignancy underwent
erMRI. T2-weighted axial images of the prostate gland were obtained from patients with the
inserted endorectal coil in its inflated state (40—60 cc air inflation) and completely deflated state
(TE =91 ms, TR varied from 3500 to 4500 ms depending on the patients, matrix = 256 x 192,
FOV = 16 cm, and slice thickness = 3.0 mm). The slice number varied from 25 to 38, depending

on the size of the prostate.
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3. RESULTS

3.1. Simulated Phantom Data
FIGUREG

Figure 6 displays the registration results in 3 orthogonal central planes of the object
shown in Fig 4. The first row shows results in the xy plane; the second row, the yz plane; and the
third row, the xz plane respectively. Each column in Fig. 6 shows the target, source, registered
images, the intensity difference images between the source and target images, and the intensity
difference images between the target and registered images in all 3 orthogonal planes. Also
shown in Fig. 6 is the displacement distribution along the 3 planes, which is superimposed on the
source images in the second column. The blue arrows represent the displacement vectors with
the length of the arrows representing their magnitude. To facilitate visual comparison of the
intensity difference between the pre- and post-registration images (Fig. 6, column 4 and column
5), the same grayscale was adopted between the 2 sets of images. As shown in Fig. 6, the
registration reduced the intensity difference in the subtracted images between the target and the
registered images. The NCC improved from 0.91 to 1.0 after SEMT registration.
TABLE1

To assess the registration error, ten corners of the character “F” (Fig. 6, xy plane and
column 1) on the central slice were selected to serve as fiducial landmarks. Table 1 summarizes
the displacement of these landmarks between the source and target images and the registration
error. The average displacement of the landmarks between the source and target images was 1.0

+ 0.5 pixels. The algorithm attained an average registration error of 0.2 + 0.1 pixels.

3.2. Prostate Phantom Data

Figure 7 shows the registration results from one of the axial MR images taken through
the center of the prostate phantom shown in Fig. 5. A comparison of the intensity difference
between the target and source (Fig. 7d) and the target and registered images (Fig. 7e)

gualitatively demonstrates the registration accuracy obtained using the SEMT algorithm. The
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NCC improved from 0.84 to 0.99 after registration. Twelve sesame seeds were used as features
that were matched between the target and registered information to assess the registration error.
Table 2 provides a list of measurements made using these twelve seeds. The average
displacement of the sesame seeds was 4.8 + 0.4 pixels (3.0 £ 0.3 mm). The registration error was

found to be 1.0 £ 0.6 pixels (0.6 £ 0.4 mm).

FIGURE7Y

TABLEZ2

3.3. In Vivo Prostate Data

Figure 8 shows an example registration from in vivo prostate images. The blue arrows
shown in Fig. 8b show the direction and magnitude of displacement. The comparison of intensity
difference images in Fig. 8d and 8e before and after registration, qualitatively demonstrates the
registration accuracy as determined by the SEMT algorithm. Five feature landmarks (see Fig. 8a)
depicting benign prostatic hyperplasia nodules of the prostate were chosen to evaluate the
registration error for the slice shown. The average displacement of these 5 landmarks was 6.7 £

1.5 pixels (4.2 £ 0.9 mm). The registration error was 1.7 + 1.3 pixels (1.1 = 0.8 mm).

FIGURES

The NCC was computed over the segmented volume of the prostate and was found to
improve from 0.69 to 0.97 for this particular case.

The results on all 10 sets of patient images were summarized in Table 3. The NCC was
improved on average from 0.72 + 0.10 to 0.96 + 0.03 for the whole group after SEMT registration
(P < 0.0001). The average displacement of fiducial landmarks inside the prostate gland from all
the subjects was found to be 6.1 + 1.9 pixels (3.8 + 1.2 mm) before registration, which was
reduced to 1.8 + 0.7 pixels (1.1 + 0.4 mm) after registration. Also shown in Table 3 are the
registration errors made by the 12-parameter affine registration and B-spline registration
programs. The registration errors were 5.2+1.6 pixels (3.2+1.0 mm) when using the affine

registration method and 2.9+1.4 pixels (1.8+0.9 mm) when using the B-spline method.
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TABLES

4. DISCUSSION

MR images of the prostate are typically obtained when the prostate is in its distorted
position. Advanced imaging techniques, such as diffusion-weighted imaging, perfusion-weighted
imaging, and MRS, have been shown to increase specificity in the detection of cancer. However,
all the information provided from these techniques is obtained with the prostate in its deformed
state. For techniques such as external-beam therapy and brachytherapy to be effective, prostate
images obtained in the distorted state must be registered back to their original state. For example
in the case of external beam brachytherapy, the images and the spectroscopic information
obtained from the prostate with the endorectal coil (deformed images) can be registered to the
MR images obtained without the use of endorectal coil (hon-deformed images). These images
and spectra can then be co-registered with the CT images for treatment planning. This will
ensure accurate localization of the tumor in its undistorted state and will allow for accurate
treatment planning.

We have developed a novel SEMT algorithm to perform prostate image registration that
registers images to single-pixel accuracy. The algorithm requires that the object undergoing
deformation be elastic, incompressible, and in equilibrium while scanning. Incompressible tissue,
such as the breast and prostate, are suitable candidates for such elastic registration (Dubois et al.
2001; Fei et al. 2003). In a physically conservative system, the potential energy has a stationary
value if the system is in equilibrium. In the case of our registration problem, in which image
volumes are treated as elastic bodies, the potential energy is purely the strain energy. The
minimization of this strain energy allows for the transformation of the deformed elastic,
incompressible objects to be registered.

In most in vivo situations it is difficult to quantitatively evaluate the performance of a
registration algorithm because of the lack of ‘ground truth’. Our initial results on the simulated
digital phantom and the development of a prostate phantom were essential in evaluating the

robustness of the SEMT algorithm (Zhang and Gullapalli, 2005). This multipurpose phantom
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mimicked the tissue property of the prostate and provided us a scenario that was as close as
possible to that routinely experienced in the clinical setting. Because it has all the necessary
tissue properties and biochemicals normally seen in a prostate gland, the phantom can be used
to test the robustness of new imaging and spectroscopic techniques. The periprostatic fat also
allows us to mimic the difficulty associated with saturating outer-volume chemical species that
may alias into the volume of interest, especially when performing MRS. The sesame seeds also
may be used for practicing image-guided biopsies. However, here we used the seeds to
determine the registration error of the SEMT algorithm.

The transformation matrix obtained by SEMT relies on feature correspondences between
the source and target images. Any mismatch of the correspondences may result in registration
errors. We have chosen well populated, uniformly distributed points along the whole surface of
the prostate to derive the transformation between the source and target images. We have shown
that our algorithm is accurate up to 1.1 mm based on the measurements made at corresponding
feature points of the prostate. Other methods, such as active contour (Kass et al., 1988) and/or
active surface models (Cohen L and Cohen I, 1993), may be adopted to generate the
correspondences automatically to further reduce the resolution to a subpixel level.

We compared our SEMT algorithm to two other well-established methods of registration
namely the 12-parameter affine registration and B-spline registration. Figure 9 shows the
performance of these two techniques in comparison to our SEMT algorithm. Given the range of
displacements seen in ten prostate images as shown by the first metric in Fig 9, the SEMT
algorithm out performed the other two techniques by demonstrating nearly 38% reduction in
registration errors over B-spline, and over 60% reduction in errors in comparison to the affine

registration technique respectively.

FIGUREY

In the last decade, many applications of image registration for prostate images have been
reported. Dubois et al. (2001) implemented a rigid registration on a prostate phantom and
obtained a registration error of 1.6 £ 0.7 mm. Because of anatomical variability in the prostate and

because of the fairly nonrigid characteristics of transformation, rigid registration may not yield
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accurate results for registration of prostate images. Wu et al. (2004) adopted a polynomial
transformation to register prostate MRSI with an error of 2 mm or less. Fei et al. (2003) applied
TPS to prostate image registration, reducing the prostate centroid displacement from 3.4 to 0.6
mm. Wang et al. (2005) implemented a ‘demons’ algorithm (a grayscale-based deformable image
registration algorithm) on a phantom prostate and achieved a tracking accuracy of better than 1.5
mm. The results from our method are either comparable or better than these reported methods. A
notable difference between our study and those mentioned here is that our approach is based on
the use of correspondence points coupled with physical constraints, whereas the cited studies
used voxel-intensity based approaches for registration.

The proposed SEMT approach is similar to those reported in the literature in that they all
identify the feature correspondences (points, contours, or surfaces) in the source and target
images and then use these correspondences as input to derive the underlying deformation
transformation. The principal difference between our method and these others is that our
transformation is derived from strain energy minimization using elastic theory. Broit (1981) was
the first to use a model derived from elasticity theory to match 2D and 3D images. He defined a
cross-correlation coefficient between local regions in 2 images to derive forces that deform the
source image to the target. The transformation is obtained by solving the Navier—-Lame equations.
Instead of using the local similarity as the measure of external driving forces, Davatzikos et al.
(1996) proposed a spring model in which the external force is obtained from mapping the
contours of structures in the source and target images. They obtained their transformation by
empirically choosing the two Lame constants (A = u = 1.5 x 10™°) in the equilibrium equations.
Pecker et al. (1999) incorporated the known displacements of some boundary structures in the
source and target images as hard constraints to the registration to compute the transformation. In
that study, A was intentionally set to zero and the other constant y was eliminated. This makes
the registration model completely parameter free. Unlike traditional elastic registration methods,
which solve the equilibrium equations for the transformation, the SEMT method obtains the
transformation by minimizing the strain energy of the registered image volume. Making a

reasonable assumption of incompressibility (Krouskop, 1998), the registration model is parameter
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free. The advantages of the proposed approach include the need for only a scalar energy function
instead of a set of equilibrium equations; the reasonable assumption of incompressibility, which
makes the algorithm parameter free; and the ability to handle both rigid and nonrigid deformation
equally well.

It should be noted that we performed the registration on the entire prostate image with a
subtle assumption that the image volume has the same mechanical property throughout. As we
know, many different structures and tissues are inside and outside the prostate gland. So this
assumption may lead to some systematic registration error. For more accurate registration it
would be necessary to take these structures into consideration. Some differences in the
mechanical property of the tissue are expected, but when dealing with tissues that have
significantly different mechanical properties, it should be noted that the SEMT algorithm no longer
remains parameter free. Hence a modification to Eq. (8) is required that takes into consideration
the surrounding tissue characteristics. Our future studies will characterize tissues from different
regions of and surrounding the prostate for an accurate assessment of displacement and strain

during compression of the prostate.

5. CONCLUSION

We have implemented a novel registration algorithm based on strain energy minimization
and demonstrated its effectiveness on phantom and prostate images. Results from our study
show registration error of approximately 1 mm over the entire volume of the prostate. Accurate
registration of prostate images obtained in the deformed state can be useful in treatment planning
and also for longitudinal evaluation of progression/regression in patients with prostate cancer. In
addition, although we have demonstrated the utility of our algorithm on MR images, we believe
that this method can also be applied to images from any two different imaging modalities provided

that corresponding features are available in both.
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Appendix 1:
The relationship between the two constants A and y is:

2vu
1-2v

A= (A. 1)

©CoO~NOUITA,WNPE

And the relationship between the unit volume change e and normal strain & is:
13 e=(1-2v)e, (A. 2)
15 So the first term Ae® of Eq. (1) can be rewritten as:

Je? = 2o

_ 2 — _ 2
18 = 1—20((1 2v)e4)” = 20u(l-2v)eg (A. 3)

20 Given Poisson’s ratio v = 0.495 (Krouskop et al. 1998), the above expression is approximately
2 _ 2
Ae” =0.01ue; (A. 4)

25 which makes it negligible as compared to the other two terms in Eq. (1).
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Figure 1: Schematic of the registration model. Voxels in the source image are denoted p(X,y,z).
Under deformation they evolve into P(X,Y,Z) or P'(X',Y’,Z") if the source voxel belongs to the set 2.
In this figure, Z is a voxel set of interest as denoted by the red square. Also, Q denotes the image

volume, and 9Q denotes the surfaces of volume Q.
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Figure 4: The 3D open look of (a) the source sphere, (b) the target ellipsoid, and (c) the registered
volume with a character 'F’ inside. The Cartesian coordinate system is shown for later reference in
Fig. 6.
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Figure 5: Prostate phantom: (a) picture of the prostate phantom, and (b) representative MR image.
Sesame seeds are shown as dark dots in the gland.
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27 Figure 6: Registration results on the synthesized digital phantom. Each row shows images in each of
28 the orthogonal planes. Columns represent image type. The source image column is overlaid by the
displacement vectors in 3 orthogonal planes. Also shown in target image (xy plane) are the

25 S—

landmarks (marked by red crosses) used to measure the accuracy of registration. NCC improved
30 from 0.91 to 1.0.
31 147x80mm (600 x 600 DPI)
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Figure 7: Registration results of the prostate phantom in the xy plane: (a) target image; (b) source
image overlaid with the displacement; (c) registered image; (d) intensity difference image (a)-(b);
and (e) intensity difference image (a)-(c). NCC improved from 0.84 to 0.99.
152x25mm (600 x 600 DPI)
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Figure 8: Representative registration results for a prostate patient: (a) target image with 5 feature
16 landmarks marked by red crosses; (b) source image overlaid with the displacement; (c) registered
17 image; (d) intensity difference image (a)-(b); and (e) intensity difference image (a)-(c). NCC
18 improved from 0.69 to 0.97.

19 156x29mm (600 x 600 DPI)
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Figure 9: Graph depicting the performance of SEMT, B-spline, and affine registration algorithms on
prostate images. Minimum registration errors are realized with the SEMT algorithm.
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Position (x,y) (pixel) Displacement Error
Corner
Source Target Registered (pixel) (pixel)
C1 (9.0,7.0) (10.0,6.4) (10.0,6.1) 1.3 0.3
c2 (18.3,7.0) (17.2,6.4) (17.4,6.2) 1.4 0.3
C3 (11.7,9.9) (11.8,9.1) (11.7,9.1) 0.9 0.1
ca (18.3,9.9) (17.2,9.1) (17.3,9.0) 15 0.2
C5 (11.7,12.0) (11.8,11.9) (11.7,11.9) 0.2 0.1
o (17.4,12.0) (16.2,11.9) (16.5,12.0) 1.3 0.3
c7 (11.7,14.7) (11.8,14.7) (11.7,14.7) 0.1 0.1
cs (17.4,14.7) (16.2,14.7) (16.5,14.8) 1.3 0.3
C9 (9.0,20.4) (10.0,21.2) (10.0,21.3) 1.3 0.2
C10 (11.7,20.4) (11.8,21.1) (11.7,21.1) 0.8 0.1
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Position (pixel) Displacement Error
Sesame seed

Source Target Registered (pixel) (pixel)
S1 (130,170) (130,174) (130,175) 4.0 1.0
S2 (126,157) (126,162) (125,161) 5.0 1.4
S3 (119,160) (119,165) (120,165) 5.0 1.0
S4 (117,161) (115,165) (116,165) 45 1.0
S5 (140,150) (140,155) (140,154) 5.0 1.0
S6 (135,139) (135,144) (135,144) 5.0 0.0
S7 (130,138) (130,143) (130,142) 5.0 1.0
S8 (107,141) (107,146) (106,146) 5.0 1.0
S9 (141,131) (141,136) (139,135) 5.0 2.2
S10 (134,127) (133,132) (133,132) 5.1 0.0
S11 (125,126) (124,131) (123,131) 5.1 1.0
S12 (121,128) (120,132) (120,133) 4.1 1.0

Page 30 of 31



Page 31 of 31

©CoO~NOUITA,WNPE

Journal of Digital Imaging

NCC* Original Registration Error (Pixel)
Patient Displacement
Before After SEMT Affine B-spline
(Pixel)

P1 0.71 0.98 6.0 1.3 2.2 2.1

P2 0.50 0.92 6.1 1.1 (fail) 4.8

P3 0.75 0.99 6.7 1.6 6.5 2.7

P4 0.73 0.90 6.4 3.1 5.0 1.9

PS5 0.72 0.98 8.5 1.5 7.4 4.6

P6 0.74 0.98 3.0 1.4 4.6 3.6

P7 0.74 0.98 5.6 29 5.3 1.8

P8 0.69 0.97 6.7 2.0 6.3 1.9

P9 0.75 0.96 3.0 1.7 3.9 0.9

P10 0.62 0.98 8.8 1.2 5.6 4.8
meantstd 0.72+0.10 0.96+0.03 6.1+1.9 1.8+0.7 5.2+1.6 2.9+1.4
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Abstract:

Introduction: Magnetic resonance imaging (MRI) and spectroscopy (MRS) along with the
use of an endorectal coil has shown to increase the sensitivity and specificity in detecting
prostate cancer (PCa). In recent years several new MRI techniques such as dynamic
contrast enhanced (DCE) MRI and diffusion tensor imaging (DTI) have shown to be
useful in detecting and providing the status of the prostate tumors. These techniques
combined with high resolution imaging have the potential to improve the accuracy in
detecting prostate cancer non-invasively as well, while still in its early stages. In this
project we have performed MRSI, DTI, perfusion weighted imaging (PWI), T2 map
along with traditional MRI T2-weighted MRI image acquisition on patients who have
opted for radical prostatectomy and compared the results with whole mount
histopathology.

Methods: 14 patients with diagnosed prostate cancer who elected for radical
prostatectomy were enrolled in this study. The patients' age ranged from 44-68 and the
PSA varied from 0.5-14. Data acquisition was conducted on a 1.5T Magnetom Avanto
MRI scanner. The sequences used to acquire the images included (a)T2 weighted MR
images(b)3D-CSI covering the entire prostate using PRESS localization with 0.56¢c
resolution; (c) DCE-MRI following a 20ml GD-DTPA injection at 4ml/s at a temporal
resolution of 2.88s; (d) DTI with diffusion weighting in six colinear directions; () T2
mapping using a CPMG acquisition with eight echo times from 10-90ms. The ex-vivo
prostate was also imaged following the prostatectomy procedure and enabled us to
accurately localize the pathology findings with the in vivo findings. After radical
prostatectomy, the prostate specimen was fixed overnight in a 10% formalin bath. Three
millimeter axial sections from the specimen were made using a home built prostate slicer.
H&E staining was performed on 50 micron sections from each of the slides. Digital
images of both the slices and the pathologic slides were obtained.

Tofts model that included the duration of contrast injection was used for the kinetic
analysis of perfusion data to obtain Ktrans maps. Cho+Cr/Cit map was computed from
MRSI data. Apparent diffusion coefficient and fractional anisotropy maps were made
from the DTI data. In vivo images were aligned with the ex vivo MR images which were
in turn aligned to the individual slices of the prostate cuts submitted to pathology.
Cancerous regions noted by the pathologist were located on the in vivo images and
comparisons were made between the in vivo findings and pathology.

Results: Cancerous regions with a focus larger than 10mm3 were well delineated by the
T2-map and Ktrans maps. Ktrans maps revealed a significant difference between normal



and abnormal tissue (p<<0.001). However these maps were not sensitive to changes in the
grade of the tumors. DWI was able to reveal lesions larger than 40mm3 probably due to
poor image resolution. MR spectroscopy had high sensitivity but was unable to respond
to lesions of size less than 0.2cc. However the response of spectroscopy correlated well
with the histological scoring.

Conclusions: The preliminary results demonstrate that the multi-parametric MR imaging
approach can improve the accuracy of prostate cancer detection. The combination of each
of the techniques increased the sensitivity and specificity from 72% & 80% respectively
to 90% & 89% respectively when compared with normal MRI findings alone.
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Aim/Purpose

To review the findings of advanced MRI (MR
spectroscopy, dynamic contrast-enhanced
MR, and diffusion-weighted MR) in a
spectrum of prostate cancer patients, with
pathologic correlation




Why Perform Prostate MRI

» Detection of tumor
»Localization within prostate

» Evaluate extra-prostatic spread
»Distant staging

» Assess total prostate size
»Help select treatment method
» Guide targeted therapies
»Surgical planning

»Predict risk of recurrence

» Treatment follow-up

»Intensity-modulated radiation therapy
»High-intensity focused ultrasound
»Radiofrequency ablation

» Cryoablation

B: Bladder base. P: Normal prostate.
R: Rectum with trans-rectal probe in place.

»Random process requiring many samples

»May need repeat biopsy sessions

»Limited sensitivity (reports of below 50%)

»Poor visualization of transitional zone tumors

»Poor localization of tumor within prostate
»Unreliable assessment of extra-prostatic tissues @



Ho

PATIENT PREPARATION

»Delay MRI about 6 weeks after biopsy

»Bowel prep (i.e., fleets enema)
»1mg glucagon |V prior to study
»Rectal exam performed prior to
endorectal coil placement

TECHNICAL ISSUES
»High field-strength magnet
»Integrated endorectal and pelvic
phased array coils
»High-resolution (i.e., 3-mm) T2W
images of prostate in all 3 planes
»Unenhanced T1W axial images of
prostate and of entire pelvis
»Routine acquisition of contrast-
enhanced images not universally
accepted

m Prostate MRI

ENDORECTAL COIL:
»Increased SNR
»Higher spatial resolution
»Widely available disposable expandable coil
»Entails inflating balloon with air, leading to
susceptibility artifact
»Agents other than air now being used to
reduce susceptibility:
ssLiquid perfluorocarbon
s*Barium sulfate
» Alternative solid rigid coil also used:
“*Reusable
s*Does not require inflation with air
s*Smaller size associated with less rectal
distension, patient discomfort, and
anatomic distortion of the prostate



Relevant Issues for Interpretation

T ———————

»PSA score

»Prior radiation or hormonal therapy
»Prior TURP or other surgery
»History of prostatitis

»Delay since last biopsy

»Presence and location of biopsy-
proven tumor

»Percent and size of biopsy
samples positive for tumor

» Corresponding Gleason score
»Histologic evidence of extra-
prostatic spread

When possible, the pathology report should be
reviewed in conjunction with interpretation of the

imaging. J_'



POSITION WITHIN PELVIS:

»Prostate (P) shaped like upside-down cone

ssLarger superiorly, tapers inferiorly
»Rectum (R) is immediately posterior strucutre

“*Note artifact/distortion from endorectal coil.
»>Bladder (B) is superior and directed anteriorly.
»Seminal vesicles (S) are superior as well,
posterior to the bladder.

DIVISION INTO THIRDS:

> Base

“*From bladder base to level of greatest transverse
diameter

»Mid-gland
s»From level of greatest transverse diameter to level of
verumontanum

»Apex

“*From level of verumontanum to distal prostatic urethra .




Zonal Anatomy of the Prostate

» Gland divided into three zones, as
described by McNeal et al.:

**Peripheral zone

ssCentral zone

ssTransitional Zone
» All three zones contain ducts and
acini lined by mucin-containing
secretory epithelium.
»Each zone has its own unique
architecture and histology,
predisposing to characteristic local
disease processes.

PZ: Peripheral zone. CZ: Central zone.

TZ: Transitional zone. U: Urethra.

AFT: Anterior fibromuscular tissue.

UT: Periurethral tissue. ED: Ejaculatory duct.
NVB: Neurovascular bundle.

Schematics courtesy of Choi JC et al. Radiographics
2007;27:63-75. Copyright Radiological Society of North America,
2007. http://www.rsnajnls.org/
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http://radiographics.rsnajnls.org/cgi/content/full/27/1/63/F1A
http://radiographics.rsnajnls.org/cgi/content/full/27/1/63/F1B

Zonal Anatomy of the Prostate

+70% of glandular volume

ssPosterior and lateral aspects of gland
*+Occupies greater proportion of gland as
proceed from base to apex

s+ Contacts the urethra at the level of the apex

5% of glandular volume in young men,
increases in size with age

“*Ball of glandular tissue around prostatic
urethra proximal to verumontanum, not found
more distally within apex of gland

s+Contains a more compact smooth muscle
and fibrous stroma than peripheral zone

*25% of volume in young men, becomes

compressed by transitional zone with age

< Disk of tissue between transitional and PZ: Peripheral zone. CZ: Central zone.
peripheral zones, by prostatic base TZ: Transitional zone. U: Urethra.

«Contains eiaculatory ducts AFT: Anterior fibromuscular tissue.
* J y UT: Periurethral tissue. ED: Ejaculatory duct.

NVB: Neurovascular bundle.


http://radiographics.rsnajnls.org/cgi/content/full/27/1/63/F1A
http://radiographics.rsnajnls.org/cgi/content/full/27/1/63/F1B

MRI Appearance of Normal Prostate

- (5 TZ
' TZ

» PZ contains abundant mucin-rich glandular tissue and demonstrates
homogeneous increased T2 signal when healthy. Thin septations of low T2
signal represent a supporting collagenous network.

» With aging, the TZ enlarges, compressing and effacing the CZ. These two
zones can then no longer be visually separated and are collectively referred to
as the central gland. The normal TZ demonstrates relatively decreased T2
signal due to compact fibrous stroma.

» On T1W images, all zones have a homogeneous intermediate signal intensity
and cannot be reliably distinguished.




Other Structures Seen on MRI

T ———————
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Yellow arrow. Paired structures superior to prostate and

posterior to bladder. Contain multiple locules of low-T1 and high-T2 signal.
Green arrow. Sheet of low-signal

fibrous tissue that extends from bladder neck and drapes over anterior and

anterolateral prostate. Contains no glandular tissue.
Red arrows. Paired structures posterolateral

to the prostate, best seen at the levels of the apex and base. Best evaluated
on T1W images as low signal relative to surrounding periprostatic fat.
Purple arrows. Thin band of low-signal fibrous tissue surrounding

peripheral zone, best seen posteriorly and posterolaterally




MRI of Prostate Pathology

> Arises from prostatic duct acini

»95% are adenocarcinoma

»70% occur within PZ and are characterized
by decreased T2 signal compared with
normal PZ tissue

»20% occur within TZ and are difficult to
detect given normal low T2 signal of TZ
»10% occur within CZ, which is relatively
resistant to pathology

» Arises predominantly within TZ

» Causes enlarged, heterogeneous
appearance of TZ, with effacement of the CZ
»BPH nodules may be predominantly stromal
or predominantly glandular in histology,
corresponding with decreased or increased
T2 signal respectively

Pz

iy

L4 PZ

Note area of decreased T2 signal (red
arrow) within the right PZ,
corresponding with foci of prostate
cancer. Also note enlarged,
heterogeneous TZ, consistent with

BPH




Extracapsular Extension

LN Note gross
extracapsular
extension of tumor
from right prostatic
base, contacting the

»ECE constitutes one of the most important
predictors of prognosis and likelihood of
treatment failure

» Directly impacts therapy, as macroscopic

ECE often precludes possibly curative ' * base of the urinary
prostatectomy. ’ bladder.

»While MRI may show macroscopic ECE, L. M #

microscopic ECE is not detected. However, 1

microscopic ECE is of questionable
prognostic and therapeutic significance.
»Direct visualization of gross tumor extension
beyond ECE is most reliable finding.

»Other secondary signs are also described. Note capsular
bulge in area of

decreased T2

»Asymmetry of the neurovascular bundles S_ignal \{vithin the
right mid-gland, a

» Obliteration of the rectoprostatic angle e ol e of
» Capsular retraction or thickening extracapsular

»Irregular or smooth capsular bulge 3 . extension of
»Broad area of tumor contact with capsule [ e tumor.




SEMINAL VESICLE INVASION (SVI)
» Occurs from direct extension of tumor from
the adjacent prostate base

MOST RELIABLE MR FINDINGS OF SVI
»Decreased T1 and T2 signal within the SV
»Disruption of normal SV histology
» Tumor within the adjacent prostate base

DIFFERENTIAL OF LOW T2 SV SIGNAL
»Extension of tumor
»Post-biopsy hemorrhage

**Increased T1 signal

»Post-radiation or hormonal therapy change
»Amyloidosis deposits
> Calculi
»BPH nodule protruding into SV

Invasion

Axial T2W:

Note decreased T2 signal within the
right seminal vesicle, consistent with
invasion by tumor.




Other Areas of Tumor Spread

»Use large FOV axial T1W sequence

»Spread to bone or nodes outside of the true pelvis
constitutes M1 disease, precluding prostatectomy or
radiation

»Use size criteria (i.e., short axis > 1cm)

»MRI unable to detect micrometastases

»Nodal spread classically proceeds in a stepwise
fashion

»Pelvic nodes such as obturator nodes first to be
involved

»Unusual to see retroperitoneal or mediastinal
nodes without associated pelvic nodes

»MRI more sensitive than bone scan

»Bone mets very unlikely if PSA < 10 ng/mL
»Bone mets expected to show decreased T1 and
increased T2 signal, as well as enhancement
»May also see soft tissue component

Note right obturator lymph node,
enlarged by size criteria, consistent
with metastatic nodal disease.

Note focus of decreased T1 signal within
right ilium, suspicious for metastasis.



Post-Biopsy Hemorrhage

» The production and secretion of citrate is unique to
prostate tissue.

»Citrate is an anticoagulant and will greatly prolong
the presence of blood products following biopsy.

> Altered cellular metabolism in the setting of cancer
is associated with decreased citrate production.

» Thus, blood products should not persist as long
following biopsy of cancer foci.

»Hemorrhage shows low T2 signal, which mimics
the appearance of cancer.

»Unlike cancer, hemorrhage shows high T1 signal.
»T1W and T2W images must be assessed together.
»Presence of high T1 signal indicates hemorrhage,
which may account for corresponding low T2 signal.
» The co-existence of cancer in such areas of low T2
signal cannot be reliably evaluated.

»For this reason, it is recommended to wait about 6
weeks following biopsy to perform prostate MRI.

T

Note area of increased T1 signal within
PZ, indicating presence of post-biopsy
hemorrhage. This may account for the
decreased T2 signal within this area,
precluding a reliable evaluation for the
presence of prostate cancer.




Need for Advanced MR Applications

» Specificity limited by multitude of processes
causing decreased T2 signal within PZ
»Limited sensitivity for tumors within TZ,
given normally decreased T2 signal of the TZ
and heterogeneous appearance of BPH.
»Limited for small tumors under 1cm
»Limited for local staging of disease

»Does not predict tumor aggressiveness

»Advanced MR techniques are being used to
assess functional aspects of the prostate.
»MR spectroscopy is most established of
these techniques.

»Dynamic contrast-enhanced MR (DCE-MR)
and diffusion-weighted imaging (DWI) show
promise, but are less well established.

» These techniques are used in conjunction
with conventional MR sequences for a
comprehensive evaluation.

»Cancer

»Post-biopsy hemorrhage
»BPH

»Radiation change
»Hormonal therapy

» Inflammation/prostatitis
» Atrophy/fibrosis

CONVENTIONAL MRI

T1W, T2W images Anatomy, tissue
characterization

ADVANCED MRI
MR Spectroscopy Metabolism

Dynamic contrast- Perfusion
enhanced MR characteristics
Diffusion-weighted Cellular density
Imaging

i



MR Spectroscopy

»Prostate cancer demonstrates decreased citrate
production from altered cellular metabolism and
increased choline production from increased cell
membrane turnover. Spectroscopy is able to depict
the relative concentration of these metabolites within
small voxels throughout the prostate gland. Normal
PZ is expected to show a large choline peak at a
resonance of 2.6 ppm and low peaks for choline and
creatine at 3.2 and 3.0 ppm respectively. Given the
proximity of the choline and creatine peaks, these
two metabolites are difficult to separate at 1.5T and
are usually combined. The (choline+creatine)/citrate
ratio, termed CC/C, is measured for each voxel for
analysis. A mean CC/C ratio within PZ of 0.22
0.13 has been reported. Within PZ, a CC/C ratio
that is 2 standard deviations above mean (SDAM) is
suggestive of cancer; a ratio that is 3 SDAM is very
suggestive. In comparison, benign TZ may show
decreased citrate in areas of predominantly stromal
BPH, thereby mimicking cancer. A mean CC/C ratio
within TZ of 0.61 £ 0.21 has been reported and a
more stringent CC/C threshold of 4 SDAM has been
applied to evaluate for cancer within TZ.

MR spectrum

from a voxel
containing normal
004 - prostate tissue
demonstrates an
0.03 elevated citrate
|C:h00.202 peak and

002 EIELIENE]
choline peak.

. [ olo147 CC/C ratio of 0.40
is below 2 SDAM
and not

suspicious for

Ci
105349

0.00 o

T T ] PRm

cancer.

»>Increases specificity by differentiating cancer from
numerous benign causes of decreased T2 signal.
»Improved localization of tumor within the prostate
»Increased accuracy for predicting ECE.

»CC/C ratio correlates with histologic Gleason
score, and therefore, with tumor aggressiveness
»May detect tumor when PZ loses its normal high
T2 signal following radiation or hormonal therapy ‘J



Dynamic Contrast-Enhanced MRI

»Altered pattern of angiogenesis in cancer:

**Increased vascularity

s*Increased permeability of vessels

ssExpansion of interstitial space
»Following gadolinium injection and serial rapid
volume acquisitions of the prostate, normal PZ
shows a homogeneous low level of enhancement.
In comparison, PZ cancer shows earlier and
stronger wash-in as well as earlier wash-out. This
difference can increase the accuracy for tumor
detection within PZ compared with T2W MRI.
Benign TZ demonstrates heterogeneous and overall
increased vascularity due to BPH and is not well
assessed with DCE-MR.

Ktans map from DCE-MRI
of normal prostate shows i
homogeneous low level ’ ;
of vascularity within the

PZ and mild
hypervascularity within
the TZ, reflective of BPH.

e

»Evaluation of perfusion is widely variable and
controversial, with two major methods used:

s»Direct measures of tissue perfusion
**Relatively simple to perform

**Includes relative peak enhancement, time-to-
peak, wash-in rate, and wash-out rate

**May better estimate vascular permeability
s*Uses more complex two-compartmental
model of the transfer of contrast between the
plasma and the extracellular extravascular
space
“*Model provides the volume transfer constant
, Which is expected to reflect permeability
and to be higher in prostate cancer
due to
hypervascularity of BPH.
»Has been applied within peri-prostatic tissue to



Diffusion Weighted Imaging

»DWI reflects random molecular motion of water
molecules, as measured by the apparent diffusion
coefficient (ADC). ADC values tend to be decreased
in various cancers, attributed to increased tumor
cellularity. A decreased ADC value in comparison
with benign prostate tissue has also been
documented within prostate cancer.

»May allow detection of visually subtle tumors that
are missed on T2W images
*+Good contrast on ADC map between cancer
and benign tissue
+*Quantitative nature of ADC map
“+ADC values shown to measure tissue
properties not reflected by T2 values
» Tumors within both PZ and TZ tumors observed to
have lower ADC compared with benign PZ and TZ
tissue respectively
»Various thresholds to distinguish benign and
malignant tissue have recently been proposed.
»ADC has been observed to correlate with PSA.

ADC map from DWI of normal prostate
demonstrates a bright PZ and
comparatively darker TZ.

»Normal ADC of PZ varies between individuals.
»ADC values within benign and malignant tissues
overlap.

»Normal TZ has lower ADC than normal PZ,
making analysis within TZ more difficult
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Radiologic-Pathologic Correlation

el |
:""':- 5 = +
»We present MR imaging from patients with known F 4 ""E' tf‘} 1 In-vivo MRI

prostate cancer, awaiting radical prostatectomy.
»The ex-vivo prostate also underwent MRI following
prostatectomy, prior to histopathologic analysis.
» The in-vivo images were registered with the ex-
vivo images, which were then registered with the
pathologic slices. This process allowed for a
correlation of the MR findings on the in-vivo images
with the pathologic slices.
»Each MRI was obtained on a 1.5T Siemens
Magnetom Avanto MRI scanner and included: Slicing and histologic analysis
ssStandard T1W and T2W sequences
*MR spectroscopy

+DCE-MR | _ _
SDWI Co-registration and correlation

Radical prostatectomy

MRI of ex-vivo prostate

» The advanced sequences were used to obtain
CC/C map, Ktans map, and ADC map.

In-vivo T2W MRI

Prostatectomy specimen

Ex-vivo T2W MRI

Prostate specimen slice

Histologic slice using H&E stain6

»To our knowledge, the findings on conventional
MRI, MR spectroscopy, DCE-MRI, DWI, and
histopathology have not all been correlated within
individual prostate cancer patients.
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Rad athologic Correlation

PROSTATITIS

»Pathology step section (A) shows
prostatitis in left PZ with no evidence
of cancer.

» 12\W-image (B) shows non-specific 00z
mild decreased T2 signal in the left
PZ 0.06 —

»DCE-MRI (C) shows no
hypervascularity in this region.
»MRS (D) shows a non-suspicious
CC/C ratio of 0.45.

»ADC map (E) shows no
corresponding restricted diffusion in
this region. D

0.04 —

0.02 —
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Radiologic-Pathologic Correlation

shows left
PZ cancer with ECE, marked with dotted
green line.

shows low signal within
the left PZ, with associated asymmetric
capsular bulge
shows a discrete focus of
hypervascularity within the left PZ in the 001
region of the capsule.
shows a CC/C ratio of 0.55 in
left PZ. This ratio is mildly elevated and o0
may be seen in benign or malignant PZ.
shows restricted diffusion
in the corresponding region of the left PZ. ‘ 3 2 1

0.02
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Radiologic-Pathologic Correlation

shows small
areas of tumor within the PZ bilaterally,
marked by dotted green lines. Dotted red
lines mark prostatic intra-epithelial
neoplasia.

004 —

0.0z —

shows a focus of low
signal within the right PZ.
shows mild asymmetric
hypervascularity within the right PZ.
shows a CC/C ratio of 1.31 in
right PZ, consistent with cancer.
shows restricted diffusion
in the right PZ, corresponding with the
area of T2 signal abnormality. 40

0.0z —

001 —

0.00 —
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Radiologic-Pathologic Correlation

shows areas

of tumor within the PZ bilaterally, larger
on the left, as marked by continuous
green lines. Dotted red lines represent
prostatic intra-epithelial neoplasia.

shows decreased signal .
within the PZ bilaterally, more pronounced
on the left.

0.02 —H

shows an area of
hypervascularity within the left PZ.
shows a CC/C ratio of 0.98
within left PZ, consistent with cancer.
shows a small area of
restricted diffusion within the left PZ. 0.00 -

001 —
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=
Radiologic-Pathologic Correlation

shows areas
of cancer bilaterally, marked with dotted

green lines.
shows areas of

decreased T2 signal within the lateral 0.20
aspect of the PZ bilaterally.

shows no discrete focus 015 —
of corresponding PZ hypervascularity.

shows a CC/C ratio of 1.63 010 —

within the left PZ, consistent with cancer.

shows corresponding 0.05
areas of restricted diffusion within the PZ
bilaterally. 000
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Radiologic-Pathologic Correlation

shows large
areas of cancer bilaterally, marked with
dotted green lines. The inner circle of
green dots in the left PZ marks a more ill-
defined area of cancer.
shows low signal
throughout the PZ that is more
pronounced on the left.
shows mildly asymmetric
hypervascularity within the left PZ.
shows a CC/C ratio of 1.96
within the right PZ, confirming presence of
cancer within this side of the prostate.
shows area within the left
PZ that is mildly darker than on the right.
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Radiologic-Pathologic Correlation

shows diffuse [ '
tumor marked by dotted green lines. L e
shows increased T1
signal within the left PZ, consistent with
post-biopsy hemorrhage. This finding
limits evaluation for cancer in this area.
shows focal low signal in
the right PZ. There is normal signal in the
region of abnormal T1 signal within left PZ. 0.05 -
shows widespread
hypervascularity throughout the prostate.
shows a focus of restricted
diffusion within the right PZ, corresponding
with the area of T2 signal abnormality.
from the right and left
PZ demonstrate CC/C ratios of 1.41 and
3.2 respectively, consistent with bilateral
cancer.

010 4
010 —

0.05 —

0.00 —
0.00 —
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Radiologic-Pathologic Correlation

T ———————

shows
diffuse tumor, marked by dotted green
lines, with ECE on the left
shows widespread
decreased signal throughout the PZ and
TZ. There is mild irregularity of the
capsule on the left.
shows no discrete focus
of hypervascularity.
shows a CC/C ratio of 3.90 in
the left PZ, consistent with cancer.
shows a dark appearance
of the entire prostate, corresponding with
the diffuse decrease in T2 signal and
diffuse cancer observed on pathology.

0.020 4

0.01s

0010 4

0.005 —

0.000 —

0.o0s —

Ci
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Radiologic-Pathologic Correlation

shows

changes of BPH within the TZ, with no
evidence of cancer.

shows heterogeneous
decreased signal throughout the TZ
without discrete lesion.

shows mild

hypervascularity within the region of the
TZ, consistent with the inflammatory

015 4

010 —

nature of BPH.
shows a CC/C ratio of 0.64. 008
While this ratio in the PZ is concerning for
malignancy, this value in the TZ is
consistent with non-cancerous BPH. 000
shows heterogeneously ) ; ; ]

dark appearance of the TZ.
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Radiologic-Pathologic Correlation

shows tumor
centered within the left TZ, marked with
dotted green lines. Dotted red lines mark
prostatic intra-epithelial neoplasia.
shows uniformly
decreased signal within the left TZ.
Homogeneously decreased T2 signal has 003
been suggested as a marker of TZ tumor.
shows mild
hypervascularity within this region, which
may be a normal finding in the TZ.
shows a CC/C ratio of 1.16. o -
This ratio is greater than the range of
values expected for BPH and is
suspicious for cancer.
shows restricted diffusion
within the TZ, more distinct on the left. ! 3 2 1

0.0z —o

0.00 —
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Radiologic-Pathologic Correlation

shows tumor
within the left TZ, marked with dotted
green line. Dotted red line mark prostatic
intra-epithelial neoplasia.
shows nodular
increased signal in the left TZ that could
represent a glandular BPH nodule.
shows no
hypervascularity within this region.
shows a CC/C ratio of 1.20 in
left TZ. This ratio is greater than the
range of values expected for BPH and is
suspicious for cancer.
shows an overall dark
appearance of the TZ.
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T2W MRI: Summary

»Most widely available and studied
MR application in the prostate

» Good sensitivity for detecting tumor
»Routinely applied in extra-prostatic
locations (i.e., to evaluate for
neurovascular bundle and seminal : ok

: . . .
vesicle invasion) i i

T2W image demonstrates suspicious
focus of tumor as area of decreased
signal intensity (red arrow).

»Low specificity

»Poor localization within gland
»Limited by post-biopsy hemorrhage
»Limited for detecting:

o TZ tumors

ss*Small tumors under 1cm
ssExtracapsular extension

**Recurrence after therapy




MR Spectroscopy. Summary

» Accuracy well-documented within radiology
literature

»May increase sensitivity and specificity
combined with T2WI

»Increases ability to localize tumor seen on
T2WI and to predict extracapsular extension
»May be applied within TZ

»May be used to detect tumor recurrence
after therapy

»Correlates with Gleason score

»Limited by post-biopsy hemorrhage

» Cannot directly visualize extra-prostatic
tissues

» Often obtain larger voxels with limited
spatial resolution

» Artifact may result in exclusion of some
voxels from analysis

»Long acquisition time (about 10 minutes)

Cho

010 —

0.05 —

0.00 —

MR spectrum shows a decresed citrate
peak and elevated choline peak, giving
a CC/C ratio of 3.24, consistent with
cancer.




DCE-MRI: Summary

»May increase sensitivity, specificity, and
localization combined with T2WI

»May be used to directly image extra- N "
prostatic tissues, allowing visualization of Hr : y P
extracapsular extension . W = T
»May be used to detect tumor recurrence iy ;
following therapy n ‘%. :
»May be obtained using high spatial- "'F-

resolution acquisition

Parametric map from DCE-MRI
demonstrates suspicious focus of PZ

>Limited by post-biopsy hemorrhage cancer as area of increased K'a"s,

»Limited in TZ due to increased vascularity of
BPH

»Currently wide variation in how DCE is
performed, without consensus regarding
which parameters to use

»Not all cancers demonstrate enough
hypervascularity to be detected




ADVANTAGES

»Fast acquisition (as little as under two
minutes), with easy post-processing

»May increase sensitivity and specificity
combined with T2WI

»Quantitative thresholds to distinguish benign
and malignant tissue proposed

»May be applied within TZ

»Correlates with PSA

DISADVANTAGES
»Limited by post-biopsy hemorrhage
»DWI sequence prone to artifacts and image
distortion
»Variability between individuals in normal
ADC values
»Has not been used to evaluate peri-prostatic
tissues
»Data to confirm clinical impact still emerging

ADC map from DWI demonstrates
suspicious focus of PZ tumor as area
of decreased ADC.




Integrating Advanced MR Techniques

aytting it 9l t0UEIREE..

Use images to look for cancer within gland
itself and within extracapsular tissues; for local invasion of seminar
vesicles, bladder, or rectum; and for nodal or osseous metastases

The advanced applications of may
increase the sensitivity and specificity for tumor detection and localization.

To evaluate transitional zone:
To increase accuracy for extracapsular spread:

To correlate with Gleason score/PSA:




Future Direction of Prostate MR

Provides increased SNR
which has several potential benefits:
‘*May use to increase spatial
resolution to detect smaller tumors
**May use to reduce scanning time
to improve DCE-MR and DWI
s+ Greater separation of metabolic
peaks improves spectroscopy (i.e.,
routine use of polyamine peak)
*+*May not need endorectal coil
Use of

SuPerParama_gnetIC Iron oxide partlcles. Surface-rendered 3D MR image shows the iliac
may differentiate normal from metastatic ~ yessels, distal aorta, and inferior vena cava,

nodes. which are enhanced due to the effect of
MR ferumoxtran-10 on T1. Malignant nodes are
. coded in red (arrows), thus showing their
spectroscopy of molecular markers (i.€.,  rgjationships to the major vessels.

markers of cellular proliferation and _ #i ; : ,

. . Figure courtesy of Harisinghani MG et al. Radiographics
apoptosis) may better predict tumor cell  2004:24:867-878. Copyright Radiological Society of North
type and aggressiveness. America, 2004. http://www.rsnajnls.org/ o



Conclusions

»We presented the findings on T2-weighted MRI, MR spectroscopy,
DCE-MRI, and DWI, with pathologic correlation, in a spectrum of
prostate cancer patients.

» These MR applications may improve the detection, localization, and
staging of prostate cancer.

» These advances may allow for more individualized treatment
regimens that include new targeted therapies that are appropriate for
the smaller, lower-grade tumors often detected today.

»Continued research is expected to further refine these techniques
and to better delineate their respective advantages and
disadvantages.
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Introduction: Magnetic resonance (MR) imaging with an endorectal coil is a standard clinical procedure for prostate cancer diagnosis. The balloon used with
the endorectal coil is typically inflated to as high as 100 cc for optimal coupling of the coil with the prostate gland, and minimizing movement of the gland
during the image or spectral acquisition. However, this method of acquisition deforms the prostate from its native state while images and spectra are obtained.
For optimum delivery of radiation dose to the areas of cancer, the information obtained in the deformed state needs to be transformed back to its native state.
Registration methods that have been proposed to date [1,2] are either rigid or non-rigid and compressible, neither of which accounts for the true nature of the
prostate deformation [3]. In this work we constrained the deformation field to be incompressible, and developed an incompressible landmark-based image
matching method using the large deformation diffeomorphism (LDD) framework [4], and applied it to transform the deformed prostate to its native state.

Methods: Our method matches manually specified landmarks on the deformed and non-deformed prostate images using large deformation diffeomorphism
(LDD) framework. Given N landmark pairs ( (x,.y,),n=1...,N, the LDD finds a diffeomorphism ¢(x,t) that maps any point x in the source image to its
position y in the target image such that te[01] and ¢(x,0)=Xx, ¢(x,1)=y . The velocity fieldv(x,t) at timet is defined as the time derivative of ¢(x,t).
Unlike the small deformation interpolation, the LDD does not constrain directly the displacement field. Instead, it computes the velocity fields that minimizes
the quadratic energy function E(v)= J'_fm" Lv(x,t)]]*> dx dt and satisfiesg(x,,1)=y,, n=1..,N, whereL is a differential operator. The deformation field is
finally computed by integrating v over t. In addition, the velocity field of an incompressible object is divergence free everywhere. A vector spline solution
was previously proposed [5] to interpolate a divergence-free vector field. The vector spline minimizes the energy function J(v)= f|| Veurl (v(x))]|* dx with the

constraint div(v(x))= 0, where div() and curl() are the vector divergence and curl respectively It has been shown that the kernel matrix of this differential
operator is K(x)={-A+VVT}h(|x ), whereh(r)=r*logr for two dimensions and h(r)=r? for three dimensions. By |ncorporat|ng the dlvergencefree

vector spline into the LDD framework we reformulated the problem as: finding  « .

the  velocity  field v(x,t)= argmvln_”Q Veurl(v(x,t) [I? dx dt that Standard LDD

satisfiesdiv(v(x))=0and ¢(x,1)=y,, n=21..N. The velocity V(xt) and the B8

mapping ¢(x,t) are then solved using discrete time points and iterative gradient B e wman
descent [4]. We call thistheincompressible LDD method. ' A SRR
Results: Figure 1 demonstrates the method using a numerical example that has2 = W

matching points and 4 fixed corner points, as shown in Fig. 1a. InFigs. 1la& d, . @ . (b) : ] (©)

points A and B move to C and D respectively. Figs. la-c show the results of Incompressible LDD SoEEEE
standard LDD, and Figs. 1d-f are the results of the proposed incompressible LDD D el
method respectively. In (@) and (d), the red lines show the trajectories of points B TR nsersnining:
using the two different methods. Fig. 1b & e shows the final deformation using =T E LA NN
deformed grids. Fig. 1c & f are the vector flow of the displacement fields. It is  ~ A R T
clear that the grid areas are not preserved in the standard LDD solution, while = . bt P e
they are preserved in the incompressible LDD solution. The incompressibility of (d) (e) } M

the mesh produces a vortex in the displacement field (shown in Fig. 1f).

We also applied our incompressible LDD method on three T2-weighted prostate
datasets (3mm dlice thickness, TE/TR 80/3000ms) to transform the deformed
prostate images to their native state. For each dataset one image volume was
acquired with the coil inserted but with no air in the balloon (Fig. 2a), while the
other was acquired when the balloon was inflated with 60cc air. These images
were then matched using small deformation registration (thin-plate spline),
standard LDD, and incompressible LDD methods, and the results were compared. f
Fig. 2 shows the results on one of the datasets. The red crosses mark the L“-?
landmark points chosen. In Fig 2, (a) is the non-deformed image, (b) shows the Non-deformed
deformation computed using standard LDD, while (c) shows results of
incompressible LDD. We also computed the determinants of Jacobian of the
motion field, which is shown in Fig. 3. Figs. 3ac are the results of
incompressible LDD, standard LDD, and thin-plate spline interpolation
respectively. The determinant of the Jacobian indicates the local volume change.
For an incompre&ibl_e object, its valu_e remains 1 everywhere._ From Fig. 3 we (@ © 4
can see the deformation produced by incompressible LDD retains this property, Tacompressiblc LDD Standard LDD Thinslate spitne ;

while in the standard LDD and the small deformation registration, the volume
change can be as high as 30%. Fig.3 Determinant of Jacobian of deformation field

Conclusion: In this work we developed a landmark-based prostate MR image registration method using incompressible large deformation diffeomorphism.
By enforcing the divergence-free condition on the velocity fields the final deformation field is a true reflection of the physical property of prostate. Although
the current implementation of this method is limited to 2D images, an extension to 3D is currently under development. In the future we will also include the
application of incompressible LDD method to motion estimation and interpolation of incompressible moving tissues, for example, the heart and the tongue.
Acknowledgement: This work is supported by NIH grant RO1 HL047405 and grant from DOD Award No. W81XWH-04-1-0249.
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